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MOISTURE CONTENT AND PHYSICAL CONDITION OF SOILS. 



INTBODTTCTION. 

It is generally recognized that the physical properties of a soil 
detennining crop adaptation and growth are moisture supply, aera- 
tion, temperature, texture and structure, and " physical condition." 
Under these heads fall practically all physical investigations on the 
soil. Of course " physical condition " is by far the most important 
in practice, because it is the one factor directly under the control 
of the agriculturist, such control of the others as may be possible 
being usually but incidental to control of the last. Everyone who 
has had any experience can judge with comparative readiness as to 
whether a soil is in good or poor physical condition. But apparently 
no two observers will agree entirely as to the basis of their judg- 
ments. It is said that a soil in good physical condition must be 
loose, friable, loamy, have a crumb structure, work well, have a " live " 
look, etc., properties which are sufficiently definite to be recognized 
readily, but which are not susceptible of exact measurement and 
quantitative expression. It is evident that a comparison of soils as 
to their physical condition is mainly a matter of individual judg- 
ment, subject to the limitations and errors of a personal equation; 
and while physical condition is the most readily under practical 
control, paradoxical as it may seem, it is the most difficult of soil 
properties to study. This is because the concept or idea of " physi- 
cal condition " is a summation of a number of properties rather than 
any one property, and because no satisfactory method of measuring 
this sum has yet been devised. Nevertheless, much can be done to 
advance our knowledge of this important subject by studies in the 
field and, especially, in the laboratory. 

In the present bulletin are given the results of an investigation on 
the relation of physical condition to moisture content, in which the 
soils were put into different states with different amounts of water 
present and then subjected to various physical tests yielding meas- 
urable results. In this work the judgment of several experienced 
greenhouse men was available for determining the physical condition 
of the samples before and after the several measurements were made. 
It has been found that the physical condition of the soil is connected 
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in the most intimate way with its water content. Not only is this 
true of its general behavior and appearance, its " workability," etc., 
but systematic quantitative measurements on penetrability, volume 
changes, apparent specific gravity, and rate of evaporation showed a 
direct dependence on the water content. All these properties varied 
regularly with regular change in the water content when the sample 
was in the best possible physical condition obtainable with any given 
water content. 

One particular water content has been given special consideration. 
It is perfectly well known to agriculturists generally and greenhouse 
men especially that there is a particular water content (or perhaps a 
more or less narrow range of water content) differing with each soil 
at which plants grow best, other conditions being the same. This is 
popularly known as the " optimum " water content, and is supposed 
to be that content from which plants draw most readily their needed 
supply ; in other words, the optimum water content is supposed to be 
determined by the physiological necessities of the plant rather than 
by the physical properties of the soil. There are difficulties, however, 
for which this view fails to offer sufficient and satisfactory explana- 
tion. Plants can do quite well in soils containing considerably less 
than the optimum water content, other conditions being favorable. 
That is to say, there is no decided or sharp falling off in the plant 
growth corresponding with a lowering of the water content until the 
drought limit is approached, a limit generally much below the 
" optimum ; " and, on the other hand, there is no especial difficulty in 
carrying some of our common crops to a satisfactory maturity in 
water cultures. The investigation described in the following pages 
shows conclusively not only that physical condition and the several 
properties on which it depends have an intimate relation with the 
water content of the soil, but that there is marked accentuation in 
these properties at a critical water content; and that this critical con- 
tent is identical with the optimum water content. The moisture- 
penetration curve shows a minimum force required for penetration at 
the optimum water content; the moisture-apparent specific gravity 
curve shows a minimum point at the optimum water content; the 
curves for evaporation show a marked difference in the rate of evapo- 
ration above and below the optimum water content. It is apparent, 
therefore, that the true significance of optimum water content is that 
particular content at which the soil can be put into the best possible 
condition for plant growth. The plant can then best draw its needed 
water from the soil because all the other factors making for good 
growth are also at their best. Moreover, an increase in water content 
in excess of the optimum generally produces a greater detrimental 
effect on the plant than a decrease below the optimum. 
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Furthermore, it should be borne in mind that practical men in 
bringing a soil to optimum water content judge when this point is 
reached by the appearance and " feel " of the soil ; i. e., by the phys- 
ical condition into which it can be brought, and not directly by any 
plant phenomenon. There is a widespread impression that the opti- 
mum water content for any one soil varies for different plants. That 
is, the physiological optimum, as determined by the plant, may not 
coincide with the ■physical optimum, as determined by the soil proper- 
ties. While this may be true for certain exceptional eases, it is erro- 
neous as regards the majority of common field crops, since the water 
content that makes for the best physical condition of the soil is as a 
necessary consequence the best for plant growth. Other evidence 
from experiments on wilting will be given in detail in support of this 
view. The available evidence seems to be conclusive that the problem 
of water supply and optimum water content is fundamentally a soil 
problem and incidentally a plant problem. 

Another point which this investigation has brought out in a strik- 
ing way is the " hysteresis " observable in the volume change when a 
soil is alternately wetted and dried out. This process results in a 
natural packing of the soil and is seriously detrimental to the mainte- 
nance of good tilth if the extremes of moisture content reached are 
wide apart. The causes for and mechanism of this process have been 
made clear by the experiments here recorded. 

The importance in general farming of having a proper moisture 
content in the soil before plowing or other cultural operations is well 
known, although not always so well observed. It is regrettably com- 
mon to find cases where the soil has been worked while too dry, and 
even more so are the cases where a soil has been worked while too 
wet, entailing disastrous results, requiring even years for rectifica- 
tion. These latter are the most baffling cases which the soil expert 
encounters. 

The usual practice in irrigation gardening and greenhouse work of 
adding an excessive amount of water, so as to be on the " safe side," 
is far from the ideal soil management, and the working out of a better 
and at the same time an economical system of maintaining the water 
content constant, or approximately so, should be the aim of practical 
workers in these fields. It is believed that the data brought out in 
this bulletin will be of material assistance in understanding the phe- 
nomena involved in these difficult practical problems and in devising 
methods for the treatment and amelioration of lands which have been 
improperly handled. 

In the course of this investigation a number of special methods 
and forms of apparatus were devised which it is believed will have a 
value not only for future investigation, but as a desirable part of the 
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equipment of a laboratory for student work. It has been deemed 
well, therefore, to give quite complete and detailed descriptions, and 
to this end the methods and apparatus are described and illustrated in 
a special chapter at the end of the bulletin, and only brief references 
to them are given in the text describing the investigations. 

FENETKATIOir AND COHESION. 
FBEVIOUS WORK. 

A property of the soil of recognized agricultural importance is 
cohesion, or the force with which the soil particles cling one to an- 
other. The previous work on penetration has been usually incidental 
to investigations of cohesion. This property has been studied because 
it is a determining factor of the ease of tillage and because it gives 
a measure of the physical condition of the soil and its variation under 
different treatments. In these studies two methods have been era- 
ployed. In the one the crushing strength of cylinders of soil has been 
taken as a measure of the binding together, or cohesion, of the soil 
particles ; in the other the " firmness " of the soil, which is due to 
its cohesion, has been determined by the resistance offered to the in- 
troduction of a sharp instrument. These latter investigations have 
been regarded of especial value in showing the relative resistance of 
different types of soils to tillage and root penetration. 

Volker" applied the penetration method to actual measurements in 
the field, without, however, obtaining definite results. A penetration 
method was used by Meyer ■* in which four pegs fastened to the 
corners of a square were forced a definite distance into the soil by 
weights placed on the square surface. The crushing method was used 
in an investigation by Schubler," who molded damp samples of soil 
into rectangular prisms. The samples were then either allowed to 
dry in the form or were removed while still damp and dried in the 
air or at a high temperature. The apparatus used to determine the 
crushing strength of the samples consisted of a beam supported on 
a fulcrum about one-third the distance from one end. On the long 
arm of this lever was hung a scale pan to which weights could be 
added gradually. At the opposite end of the beam was a counterpoise 
that balanced the scale pan and beam. On the long arm, a short 
distance from the fulcrum, a blade was fastened, free to move in the 
vertical plane of the beam. The dried soil sample was placed under 
this blade and weights added to the scale pan until the soil was 
either cut or crushed by the knife. The weight added was taken to 

oNeue Moglinlscbe Annalen der Landwirtsctiaft, 4, 119 (1818) ; ref. In Pucb- 
ner, Forseh, auf dem Geb. Agr.-Phys., 12, 106 (1889). 
>Anlage zur Flora des KSnlgreicbs Hannover (GSttlngen), 307 (1822). 
'Grundsatze der Agrlkultui-ohemle, Leipzig, 2, 74 (1838). 
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represent the cohesion of the soil. The highest absolute cohesion 
value, that for pure clay, was taken as 100 and the other measurements 
compared with this. The series of relative values obtained for the 
different soils is shown in Table I. 

Table l.—CokeaUin of dry soils, according to ScftuBIer. 
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This table shows that clay in the dry form has a relatively high 
cohesion, while humus and lime soils are low, and sand does not bind 
together at all. By comparing some of the values obtained for the 
above soils with their mechanical analyses it was shown that in the 
clay soils the presence of humus or sand greatly reduces the cohesion. 

This method is of interest in showing the binding qualities of 
very dry soils, yet it is open to the objection that the results obtained 
by it do not give reliable, data for soils under ordinary cultural con- 
ditions. It is rare for field soils to dry out to an extent comparable 
with the condition reached in this method; and it will be pointed 
out later that the relative values for the cohesion of different soils 
vary with the quantity of water present. The table shows further 
that the cohesion value of sand is zero, which means that in drying 
out the sand samples did not retain their form. If the measure- 
ments are to give a basis of comparison for the ease of working the 
soils in the field, such a value is of course meaningless. A method 
which depends on an unsupported soil column is evidently too wide 
a departure from field conditions. 

It is apparent that measurements of soil cohesion are not of great 
agricultural interest unless they take into account the variable quan- 
tity of water in a soil at different times, since this quantity plays a 
most important role in determining all of its physical properties. 
Extensive experiments in soil cohesion taking account of this factor 
were made by Haberlandt," in which he measured cohesion by the 
crushing strength of cylinders. He also divided some of his soil 
samples into three fractions, depending on the size of the grains, and 
in this way he was able to study the relation between soil cohesion 
and size of the particles. In the method as first used by him he 

o WiesenecliaCtlich praktiscbe Uotersucbuogen auf detn Gebiete des Pflau- 
zenbaues, WIcd. 1875, VoL I, p. 22. 
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molded cylinders of the soil in a glass tube one end of which was cov- 
ered by a thin cloth. The cylinders and the glass tube were dipped 
in water to the depth of 1 centimeter and the soil allowed to take up 
moisture freely. The soil column, when removed from the glass tube, 
was 2 centimeters in diameter and 3 centimeters high. The cylinder 
was then allowed to dry until it had attained the desired moisture 
content, when the crushing strength was determined by placing a 
glass vessel on the top of the column and pouring in water until the 
soil gave way. From the weight of the vessel and water the value 
for the crushing strength was obtained in grams. The results for one 
soil are given in Table TI. 

Table II. — Moialure-cofieaioH relalionn. according to Haberlandt. 



Grade of parti- 
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™i™^ ■ to break 
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1,115 
1,080 

450 

2:400 
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From Table IT it will be seen that the strength with which the 
particles are held together is greatly dependent on the moisture con- 
tent of the soil. In two of the samples the cohesion value reached 
» maximum, indicating that in these soils a certain water content 
was of particular significance in regard to the cohesion. The soil 
with the finest particles became bound together more closely as it 
dried out, which is in agreement with the results of other investi- 
gators. 

In another experiment Haberlandt studied the effect of mixing 
various quantities of sand and of moor soil with the sample of soil 
which was used in the previous experiment. As the percentage of 
sand increased the resistance to crushing diminished. This was like- 
wise true of mixtures of the same soil with the moor soil. 

In a later investigation Haberlandt " molded cylinders of the soil 
in a glass tube in the same way as before, and in addition to 
determining the crushing strength he measured the resistance to 

oporscb. auf dem Geb, Agr.-Phys., 1, 148 (1878). 
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breaking under a transverse load, by placing the soil cylinder across 
two parallel horizontal supports 6 centimeters apart. Midway be- 
tween the supports a scale pan was suspended from the soil cylinder, 
and weights were added continually until the soil column gave way. 
The weight required was taken as a measure of the " absolute " firm- 
ness of the soil. The pieces of the broken soil column were cut down 
to the desired size and a measurement of the " relative " firmness 
was made by crushing the sample in the same manner as before 
described. Measurements were made on twelve different soils in 
which the values for " absolute " firmness varied from 115 to 3.5 and 
for " relative " firmness from 9,000 to 700. Compared by either 
method the soils fell in practically the same order. 

The investigation was further extended by Haberlandt to deter- 
mine the change in cohesion upon the addition of small amounts of 
charcoal and lime. The results are given in Table III. 

Table III. — Effect of lime and ckarmal on cahesion, according to Baberlandt. 



Mixture. 
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The cohesion was reduced 36 per cent by charcoal and 72 per cent 
by lime. From his various experiments Haberlandt concluded; (1) 
The cohesion of different soils is widely different; (2) the cohesion 
depends on the size of the particles; (3) the cohesion of the soil is 
greatly diminished by the addition of lime, and this has a great 
influence in determining the ease with which soils can be worked in 
the field; (4) at some moisture content the cohesion is least for every 
soil. This last conclusion Haberlandt considered of great impor- 
tance as bearing upon the question of the ease of working the soil in 
the field. 

An extensive and valuable contribution to the literature of soil 
cohesion and penetration was made by Puchner," who obtained values 
for " absolute " and " relative " firmness, both by the method of pene- 
tration and by a method similar to that of Haberlandt. The appa- 
ratus by which Puchner measured the penetration of soils consisted 
of a vertical shaft running through a metal guide. On the lower 
end of the shaft was fastened a penetrating knife blade 2 centimeters 
broad and 1 centimeter high, the angle of the cutting edge being 13". 
The upper end of the shaft carried a scale pan to which weights were 
added directly until the blade was forced a required depth into the 

a Forech. auf dem Geb. Agr.-PbyB., 12, 19i5 (1889). 
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soil. The unloaded shaft and scale pan were counterpoised by a 
weight running over a pulley. By means of a pestle the dry soil 
sample was packed into a dish having a perforated bottom to permit 
of saturation with water taken up by capillarity. This amount of 
water was taken to represent the total water capacity of the soil, or 
100 per cent moisture content. The samples were then allowed to dry 
until they reached the moisture content desired, when the penetration 
was measured by the apparatus just described. 

The influence of changing moisture content and that of size of par- 
ticles on penetration were studied. For this purpose he used quartz 
sand separated into 
seven divisions, vary- 
ing from 0.01 milli- 
meter to 2 millimeters 
in diameter. The co- 
hesion of these seven 
samples and a sample 
composed of all sizes 
was measured with 
varying water content. 
Experiments were also 
made on a calcareous 
soil (Kalksand), which 
was divided into four 
divisions, ranging from 
O.Oi to 0.25 millimeter. 
The results of these ex- 
periments are plotted 
in figure 1, the weight 
in grams necessary to 
force the blade the re- 
quired distance into the 
soil being plotted as 
ordinate and the mois- 
-, content in percentage of dry weight as abscissa. The same 
> hold for both the " Kalksand " and quartz curves. The 
numbers on the curves represent the limiting sizes of the particles. 
In order further to distinguish the curves representing the composite 
samples, they have been drawn in dotted lines. From these curves it 
is readily seen that the penetration values are greater for the finer 
particles and that the values for the composite samples lie between 
the extremes. 

All these curves exhibit a maximum penetration value, from 
which it is evident that as the water content changes there is a corre- 
sponding change in at least this physical property, and that this 
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Fio. 1. — Influence of size of soil 
tlOD-molBture reautta for calci 
quartz, according to Purbner. 
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particular water content has a special significance. As the size of 
particles varies the position of the maximum changes. In the case 
of " Kalksand " this has been indicated by drawing a straight dotted 
line through the maxima. In the case of the quartz curves the 
maxima do not seem to bear so simple a relation to each other ; this 
may be due to the fact that the composite sample contains many 
large particles (2 millimeters). Although there were seven divisions 
for quartz, only four of the corresponding curves are shown in the 
figure, since the curves for the larger sizes lie too close to the axis 
abscissas to be conveniently plotted. 

The relation of penetration to changing moisture content was 
studied by Puchner with certain principal soil constituents (quartz, 
humus, and clay) , and cohesion values were obtained for the pure sub- 
stances and for their mixtures. In this work the measurements were 
limited to one range of particles between 0.01 and 0.14 millimeter. 
These results have been plotted in figure 2. The curves for kaolin and 
quartz, humus and kaolin, and quartz and humus are drawn in 
separate divisions and each has its own set of ordinates. 

In the case of kaolin and the mixtures in which kaolin predomi- 
nates the force necessary for penetration increases steadily as the 
soil dries out. In the other samples the penetration curves show 
again a maximum point. The curves are also interesting, since the 
absolute values for penetration of the pure substance and of mixtures 
may be compared directly. 

In discussing the value of cohesion measurements made on dry 
samples alone as indicating the physical condition of agricultural 
land, it was pointed out that the results so obtained were likely to 
be misleading, since under field conditions we seldom have to consider 
a dry soil. The truth of this will become apparent on examining 
the curves. Taking, for example, the case of humus and kaolin in 
the dry condition, the cohesion values vary in the different samples 
from about 500 to 12,000 grams. Under favorable cultural condi- 
tions the mixture " 1 humus+2 kaolin " would probably contain 
about 35 per cent water, while " 2 humus-|-l kaolin " might contain 
from 20 to 40 per cent; the pure humus would ordinarily contain 
from 70 to 90 per cent. At these moisture contents, which would 
represent fair field conditions, the cohesion values would not be 
very widely different. 

In his experiments Puchner made observations on many other 
factors relating to penetration, such as the influence of " single grain " 
and " crumb " structure, addition of chemicals, plant covering, frost, 
etc., to some of which reference will be made later. He also made 
quite as complete a study of soil cohesion by measuring the crushing 
strength of cylinders of his soil material, from which he obtained the 
same results and reached the same general conclusions, as follows : 

i),j ...iiA.OO^IC 
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<1) Tbe cohesion of the soil, i. e., tlie for<« with which the soil particles are 
bound together, depends on the physical constitution of the soil, on the moisture 
content, and on the presence of various salts. 

(2) Of the different soil constituents, clay has the greatest bludlng strength, 
while that of quartz, humus, and lime Is less. The t.'oheslon of the aatl will 
therefore depend on the relative proportions of the dillerent materials. 

(3) The Influence of water on the cohesion of soils Is of great importance. 
In clay and clay earth the cohesion is greater as the water content diminishes. 
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while in bumns, quartz, and lime the soil particles are most strongly held to- 
gether at a medium percentage of water. 

(4) The cohesion in anj' soil depends on the Internal arrangement of the 
particles. It is greater in a "single grain" structure than In the "crumb" 
structure. If the soil particles are pressed together by an external force there 
results a proportional increase in tbe cohesion. 

{5) Under otherwise similar conditions the binding strength of the soil is 
greater under crops than in fallow. 
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(6) The freezlDg of the soil greatly raises tbe absolute flrmneaa. 

(7) On tLe addition of lime tbe cohesion of clay is reduced under rII moisture 
conditioua. while tbe addition of potassium hydroxide and potassium carbonate 
increases the cobeaion when the aoil Is dry, but reduces it at higher moisture 



(8) In a consideration of tbe moisture condition most favorable for working 
a soil and best suited to placing It in most favorable mechanical condition, tlie 
question o( cohesion should not enter, since with a medium water content (some- 
where about 40 per cent of the total water capacity) the cohesion of most soils 
is at a maximum, and the soil can then be worked more easily Into a (?rumbly 
condition. It is deGirebIc to obtain tbe crumb structure, which Is tbe best 
physical condition of the soil — I. e., the condition most favorable for crop pro- 
duction — even at the expense of greater labor. 

It is quite evident from the work of other investigators that the 
cohesion or binding power is quite different for different soils and that 
it determines the penetrability. It is a matter of particular interest 
that the penetrability is closely connected also with the amount of 
moisture in soils. In order to investigate the influences of water on 
the physical condition and on the productiveness and apparent fer- 
tility of soils, a further study on penetration has been made. 

BELATION OF PENETRATION TO UOISTTJIIE CONTENT. 
Object of axperimente. 

Unlike previous investigations in soil penetration, these measure- 
ments were not made primarily to study soil cohesion or to determine 
the resistance offered by various soils to cultural treatment. The 
purpose was rather to determine what constitutes a favorable physical 
condition for plant growth and how water affects this condition. 
It was assumed that the soil could be put into a most favorable con- 
dition as a cultural medium and that penetration measurements could 
be taken tentatively as an index of this state. 

These considerations had an important bearing on the development 
of the methods used. It was pointed out by Puchner that a soil can 
best be put into a crumbly structure when it contains a medium 
amount of water. The importance of a crumb structure as a soil con- 
dition has long been known to agricultural men, and is earnestly 
sought in good agricultural practice. The ability of a soil to build a 
crumb structure or to form itself into aggregates is an important fac- 
tor, determining the value of that soil as a medium for plant growth. 
The penetration work in previous investigations of soil cohesion has 
not been conducted under conditions best suited to plant growth. In 
fact the experimental procedure usually put the soil samples in a 
condition much worse than obtained in field practice. The soils were 
packed when dry, often with a pestle, so that the individual grains 
were worked into very close contact with each other, and the soils 
were then completely saturated with water, the samples being thus 
13779— Bull. 50—08 2 
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packed still closer. The desired water contents at which i 
ments were made were obtained by letting the saturated samples dry 
out. Such a procedure could hardly be said to duplicate field condi- 
tions. In order to study the influence of water upon the soil as a 
cultural medium it was desired to put every sample of soil into the 
most favorable state possible. 
Experimental methods. 

Neither absolute values for penetration, nor the comparison of 
these absolute values for different soil types were attempted ; but 
rather the aim was to determine the variation in the penetration 
values for one particular soil at different moisture contents. Further- 
more, a comparison of the penetration values for different soils can 
not be made, on account of frequent changes in the apparatus during 
the course of the investigation. No such variation as this, however, 
occurs during a set of measurements on any one soil sample, and these 
results are strictly comparable with one another. 

In this problem one of the most serious difficulties encountered was 
so to conti-ol the handling of the soil sample and its packing that an 
agreement in results could be obtained between duplicate experi- 
ments. The difficulty in regulating the packing was rendered greater 
by the fact that the soils were to be examined in a loose condition, in 
which state even slight changes in the packing force produce large 
variations in the results. In studying the change of penetration 
with varying water content it was desired that all soil samples should 
have the same treatment. This it was impossible to do so long 
as the samples were worked by hand, and it was only possible 
when the process of packing was made purely mechanical. To this 
end a power-driven shaker (see fig. 27, p. 60) was devised, in which 
the soil samples were run through a coarse screen, after which they 
fell a definite distance through a funnel into the dish in which the 
penetration measurement was to be made. Since the screening was 
mechanical and the same in each case, the packing could be chaiiged 
by varying the height through which the soil fell. 

The apparatus for measuring the penetration (see fig. 30, p. 64) 
consisted of a long lever arm from the end of which was suspended a 
sharp conical tool of steel, free to swing in the vertical plane of the 
lever beam. This tool was forced a definite distance into the soil 
sample by weights added gradually to the middle of the beam. The 
unloaded beam and attachments were balanced by a counterweight 
hung beyond the fulcrum on the opposite end of the lever. 

In making a penetration measurement the procedure followed was 
to make up a soil sample to about the desired moisture condition. 
The sample was run through the screening machine info the dish in 
which the penetration measurement was to be made. This dish was 
large enough so that several measurements were made on each sample. 
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the mean of which was taken to represent the final value. The data 
for the complete variation of the moisture content were usually ob- 
tained by starting with air-dry soil. After the penetration value for 
this sample was obtained, enough water was added to the same lot of 
soil to increase the moisture content by a few per cent. This sample 
was in turn screened and measured, as before. The moisture content 
was thus gradually increased and measurements taken until the soil 
became too moist to work. The process could be reversed with equal 
success by letting the wet soil dry out to the desired point as long as 
the sample was screened at the same moisture content for which the 
penetration was determined. The amount of water present in the 
soil at each measurement was determined by drying a sample of the 
soil at 110° C. and calculating the moisture content to the dry weight, 
since this method gives moisture values which for any one soil are 
directly proportional to the actual amounts of water present. This 
method does not, however, give any idea of the moisture relations 
when comparison is made between different soils, 
Results for Fodunk fine sandy loam. 

The first measurements of penetration were made for Podunk fine 
sandy loam, the mechanical analysis of which is given in Table IV. 

Table IV. — Mechanical analyses of Podunk fine sandy loam. 
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This soil is seen to consist very largely of fine sand and very fine 
sand, along with considerable silt. It proved to be a soil particu- 
larly well adapted to an investigation of this kind, being very easy 
to work and not becoming sticky when water was added to it. In 
the air-dry condition it was found to hold about 0.3 per cent of water, 
and when completely saturated by letting water rise by capillarity 
into short columns it held about 30 per cent. The results of a series 
of penetration measurements on this soil are given in Table V. 
Table V. — Penetration-moisture relaliont for Podunk fine sandy loam. 



MolBtnre 


»5 


Moiature 




if 


Oram*. 

i 


PercaiL 


Oram». 



ity Google 



so MOISTUBE CONTENT AND CONDITION OP SOILS. 

These results are shown graphically in figure 3, where the water 
content is measured on the axis of abscissas and the weight required 
for penetration on the axis of ordinates. 

It can be seen from this that when the soil is put into the loosest 
possible condition the penetration measurements give a minimum 
between 4 and 6 per cent of water. This would indicate that as the 
moisture in the soil changes there is a definite variation in this phys- 
ical property, and that one particular range of water content seems to 
have a special significance. It makes no difference in the result 
whether the water content be changed by adding water to the soil or 
by drying out a wet soil, for at one and the same moisture content 
the penetration value is a minimum. 

As was pointed out in the introduction, there is a moisture condition 
in each soil which is recognized as the " optimum " water content, and 
is determined by the " feel " of the soil. To determine whether there is 
a relation between the 
critical amount of 
water as found in the 
above penetration 
work and this opti- 
mum water content, 
several samples of 
Podunk fine sandy 
loam, containing dif- 
ferent amounts of 
moisture, were made 
up to optimum con- 
dition by practical 
greenhouse men. 
\Vhen the moisture 
determinations of the samples were made they were between 5 and 7 
per cent of water, thus suggesting that the minimum in the penetra- 
tion curve has a casual connection with the optimum water content, 
a quantity which up to this time has been purely arbitrary. 

Another set of penetration-moisture results, obtained in a similar 
manner except that the packing was somewhat greater, is given in 
Table VI. 

Table VI. — Penetratioji'moiatare rctatkms fur Podunk fine aandy loom. 
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These results are like the others in that they show a minimum at 
about 6 per cent of moisture content. 

In working this soil preparatory to the measurements a great dif- 
ference was noticed in its behavior as the amount of water was 
changed. The air-dry sample was of coui-se in poor condition for 
agricultural purposes and was quite diflBcult to work because of the 
dusty nature and the compact state into which it settled. The addi- 
tion of very little water produced a great change, as might have been 
predicted from the penetration curve; and although the soil was too 
dry for agricultural purposes, it was no longer dusty, seemed much 
lighter, and it screened and packed better. The soil sample giving 
the least penetration value responded most readily to working; it 
screened well, felt damp, light, and of an even texture. Beyond this 
point the soil began to feel wet and to show the effects of what might 
be called " free water "— i. e., water which does not seem to be an 
integral part of the soil. At 10 per cent water content the soil was 
still in fairly good condition, although it screened rather slowly, and 
beyond 14 per cent it could not be worked because of the diffi- 
culty of screening the wet soil. At this point it was evident that 
the soil was too wet for good plant growth. Although this method 
does not permit a study of soil condition in the neighborhood of the 
saturation point, it does allow sufficient variation to cover the range 
of soil moisture usually met under growing conditions, a range ex- 
tending well above and below the optimum water content. 

The penetration values according to this method form an interest- 
ing comparison with the plant growth on soils containing varying 
quantities of moisture. In the air-dry condition the soil is not able 
to sustain crops. When enough water has been added to the soil to 
enable it to support plant life, the penetration values drop very 
I'apidly and are of the same order of magnitude as found at the mini- 
mum point. Beyond the minimum the penetration for Podunk fine 
sandy loam rises very slowly, which may be interpreted to mean that 
the physical condition of this soil changes but slightly over a range 
of several per cent, for the soil remains in very fair condition for 
plant growth over quite a wide range above 6 per cent of moisture. 

It will be remembered that in his work on soil cohesion Puchner 
obtained maxima in his penetration-moisture curves, while the results 
just described showed minima, Puchner attributed his maximum 
values to an increase in the soil cohesion due to the presence of a defi- 
nite amount of water in the soils. He also pointed out that this 
particular amount of water in the soil was most favorable for the 
formation of floccules or soil aggregates and the attainment of a 
crumb structure, due to this same increased cohesion. This appears 
to connect his observations with those here recorded and to show that 
the same forces which caused a maximum under the one method of 
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procedure operated under a very different method to give a minimum. 
In order to test this point, a penetration-moisture study Tras made 
on Podunk fine sandy loam under conditions similar to those of the 
Puchner method. The results obtained are given in Table VII and 
graphically represented in figure 4. In order to make this result 
more easily comparable with other penetration results, we have in- 
cluded in the figure, using 
the same abscissas, a curve 
obtained for the same soil 
by the regular method of 
loose packing. Each curve, 
however, is given with its 
own ordinates. Although 
the penetration value for 
the critical point exhibited 
by the maximum is over 
one hundred times as large 
as the value given by the 
penetration at the mini- 
mum, and although the 
methods are widely diifer- 
ent and represent very dif- 
ferent conditions of inter- 
nal arrangement of the 
particles, the agreement oi 
the critical points in regard to the water content of the soils is 
striking indeed. From this it is evident that in a soil some par- 
ticular water content is of marked importance in determining the 
physical character of the soil, which property is undoubtedly de- 
termined by the distribution of the water. 
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At the same time some experiments were made on the rariatioji 
in the penetration-moisture relations when the soils were packed 
under different pressures. 
These results have a special 
interest in connection with 
the forms of the curves ob- 
tained by Puchner's method 
and by our method. In 
studying the effect of pack- 
ing the soil, samples of 
Podunk fine sandy loam 
were prepared in the regu- 
lar manner of loose pack- 
ing, except that before the 
penetration measurement 
was made the desired pres- 
sure was applied to the 
surface of the soil by means 
of an apparatus designed 
for that purpose (see p. 62). The results of these measurements are 
given in Table VIII, and shown graphically in figure 5. The amount 
of the pressure per square centimeter used in packing the soil is 
given on each curve. 

Table VIII. — Penetratio. 
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Although the pressures applied are not large and do not raise the 
penetration values anywhere near the point reached by samples meas- 
ured according to Puchner's method, yet there is a well-defined ten- 
dency for the curves to flatten out as more pressure is applied. There 
is much less difference between the penetration values of the minimum 
and the dry state in the sample packed under 50 grams than there is 
in the sample packed under 10 grams pressure. The difference in 
the results obtained in the two penetration methods discussed is ob- 
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viously one of packing. It would seem that upon increasing the 

pressure used in packing the loose samples a series of curves would be 

obtained ranging from those by our method, showing a minimum, to 

those by the Puchner method, showing a maximum. It was not 

deemed advisable at the present time to investigate this point 

further. 

Besnlta for UUml black clay loam. 

Having found the above results for a sandy soil of low water 
capacity and poor in organic matter, the same method of study was 
applied to tlie Miami black clay loam, a soil of widely different char- 
acter, a silty soil rich in organic matter, having a large capacity for 
water. The mechanical analysis of this soil is given in Table IX. 
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The total water capacity of this soil is about 60 ijer cent, and in the 
air-dry condition it ordinarily contains about 8 per cent of moisture. 
When this soil was made up 
to optimum water content 
by field methods it was found 
to contain from 35 to 40 per 
cent of water. 

A penetration - moisture 
curve was made for Miami 
black clay loam when the 
soil was put each time into 
the loosest possible condi- 
tion, the method being the same as already described for Podunk 
fine sandy loam. The results are shown graphically in figure 6. 

"RTien water was added to a comparatively dry sample the penetra- 
tion value dropped to a minimum at 32 per cent moisture content. 
Enough water was added to the 32 per cent sample to increase the 
water content by several per cent, whereupon the soil proved too 
sticky to screen well. At 32 per cent the soil was in excellent con- 
dition, but on account of its clayey nature a few per cent of water 
caused a great change in the " workability." From this curve it is 
evident that as water is added to the dry soil, the cohesion is increased 
and the soil can be worked into aggregates. When the cohesion of 
the soil is greatest, as evidenced by a minimum in the penetration 
curve, the soil is in excellent physical condition. 
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IResults for Leouardtowa loajn. 

The next soil studied was quite different from those previously 
described, being a light-colored soil containing considerable clay and 
little organic matter, becoming rather sticky when wet, and on drying 
setting in a hard condition. The optimum water content for this 
soil was found to lie at about 15 per cent, a value midway between the 
optimum water content of the Podunk fine sandy loam and that of the 
Miami black clay loam. In the air-dry condition the soil contains 
about 1.3 per cent of water and when saturated holds some 34 per cent 
Several concordant sets of penetration results were obtained for this 
soil. Despite its tendency to become sticky when wet, it was possible 
to carry the penetration curve some distance beyond the optimum 
water content. Table X and figure 7 show the results of one set of 




measurements. The cur^'e drops to a well-defined minimum at about 
15 per cent of moisture, which is also the optimum water content. 



Table X, — Pfnetrati 



relationfi for Lennardtown loam. 




It was pointed out in the case of Podunk fine sandy loam that the 
form of the penetration curve might serve as an index to the char- 
acter of the soil, and that for several per cent beyond the optimum 
water content the penetration curve rose veiy slowly, indicating that 
the physical properties change slowly and that the soil remains 
in fairly good agricultural condition. The penetration curve for 



jOOI^IC 



26 MOISTURE CONTENT AND COHDITION OF SOILS. 

Leonardtown loam rises sharply, indicating a more marked change 
in the physical condition of the soil. Here also the curve corresponds 
to the field observations, for the favorable soil condition existing 
at 15 per cent of water rapidly disappears with a slight increase of 
water content. Further data on penetration for this soil are given in 
Tables XXIII and XXIV. 
Besulta for Uuck. 

The next soil was studied as a check upon the conclusions reached 
in the previous work because it is an extreme soil type, being com- 
posed largely of organic matter and having a high water content. 
The mechanical analysis of this soil is not presented, as it would give 
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Fir. 8. — Penetrfltlon-moiHture and apparent-speciflc-graTlty-nmlBtiire resulW [or Muct. 

tittle indication of the soil texture owing to the large quantity of 
organic matter present. In the air dry condition this soil ordinarily 
holds about 45 per cent of water, and when saturated some 220 per 
cent. The soil is in good condition for agricultural purposes over 
quite K wide range of moisture content, and it would be difficult to 
assign a close limit for the optimum water content as determined 
by the ordinary field method; however, it may be considered as 
between 120 and 140 per cent. The penetration measurements were 
made in the usual manner, the results being given in figure 8. 
From this it is seen that the penetration value reaches a minimum 
at about 120 per cent of moisture, which agrees well with the optimum 
water content. 
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AFFASENI SFECinC OBAVITT OK VOLTmE. 

PREVIOUS WOBK. 

In 1838 Schiiblei" studied the volume changes of soil by drying 
out wet samples until the weight no longer decreased. Representing 
the original volume as 1,000, he gives the volume to which the soils 
contracted on drying. In this way a comparison was obtained 
between different soil types. The results are shown in Table XI. 
Table XI. — Volume ehanges of goilg on drying, affording to fichubler. 
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The diminution of volume on drying was determined for six soils 
by Wolff,'' who measured the change by means of a graduated cylin- 
der. The influence of the size of the particles on the volume changes 
in soil was first studied by Haberlandt.'" He used twelve soil sam- 
ples, each of which was divided mechanically into ten separations. 
From the change in volume of the different soils and the water 
capacity, humus content, and mechanical analysis, conclusions were 
reached regarding the influence of different soil constituents on tiie 
volume changes. The experimental method consisted in measuring 
the change in volume of soil cylinders made from the damp earth. 
Haberlandt came to the following conclusions: 

(!) Tbe volume change whicb different closelj' picked soils undergo In drying 
out from a wet i-nndltlon varies from to 30 per cent of the original volume. 

(2) Such volume changes are measured beat in closely packed soils; loose 
soils are not well salted to measurement 

(3) Of the soil constituents humus has the most influence on volume change. 

(4) It is probable tlmt the volume changes of soils bear a linear relation to 
tbe fineness of the particles; j'et this Is only the case when these fine particles 
all have the same power to swell. 

The volume changes due both to drying out and wetting were 
studied by von Schwarz.'* He used four soil samples the mechanical 
analyses of whit'h are given in Table XII. The volume changes are 
given in Table XITI. 

oGrundslltae der Agrikultur-Chemle, Leipzig, II, S2 (1839). 

^Anleitung zur chemlschen Untersuchung landwlrtschaftllch wichtlger Stofte, 
Berlin. 1899. 

f FUhling'a iandw. Ztg., 7, 481 (1877). 

i Erster Berlcht fiber Art>elten der li. b. Iandw irtschaftli then Ver8.-Stat. In 
Weln (1870-1877), p. 51. 
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An extended study of the volume changes on wetting and drying 
soils was made by Wollny." In the apparatus devised by him for 
this study the soil samples were contained in a wide cup with a per- 
forated bottom. This was surrounded by an outside dish so that 
the samples could be wetted by capillary water. On the surface of 
the soil rested a metal plate to which an upright rod was fastened. 
The weight of the rod and plate was counterbalanced by a weight 
running over a pulley. The upper part of the rod was notched so 
that it constituted a part of a rack and pinion that, on moving, 
revolved a pointer on a circular scale. The soil to be measured was 
packed into the containing dish in the dry state, the surface leveled, 
and the plate which moved the measuring mechanism was adjusted 
to the surface. By allowing the wet soil to dry, another measurement 
could be made. A measurement of the relation of volume change to 
size of particles on drying a soil gave the results in Table XIV. 

Table XIW— Volume changes ore drying noil separates, accurding to WoUny. 
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From this table it follows that the change of volume in quartz 
sand is greatest for the finest material. Similar results were obtained 

oForscb. auf dem Geb. Agr.-Pbys.. 20, 1 (1897). 
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when the dry soil samples were wet, although in this ease the volume 

changes were greater, as can be seen from Table XV. 

Table XV. — Volume changes on icetting soil separates, according lo Wollnv. 



Measurements were made on drying and wetting the principal soil 
constituents — quartz, clay, and humus, and their mixtures. The 
quartz used in this work was the finest size, varying from 0.01 to 0.07 
millimeter. Table XVI gives the values obtained both in drying and 
wetting the samples. 

Table XVI.— Volume chaiinen of different toil connlituentg and their mtrtures 
due to changing moisture content. <u^ording to Woltng. 
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From this it is to be concluded that the volume changes in a. soil 
are greater the more clay there is present and less the greater the 
amount of quartz. The humus causes an increase in the volume 
change when mixed with quartz, but has an opposite influence in 
mixtures of clay. 

A number of other factors that influence volume changes in soils 
were studied by WoUny, such as effects of hydrates and salts, the 
effect of the arrangement of the soil particles, and the effects of rain- 
fall and freezing, to some of which further reference will be made in 
the following pages, 

BELATION OF VOLTJHE TO HOISTUBE CONTENT. 
Object of experiments. 

From the work on volume changes just reviewed it is evident that 
variations in volume of greater or less magnitude occur in all soils 
when wetted and dried, which changes are influenced by a number of 
factors. The relation between the magnitude of these changes had 
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been well established for a number of soils and under a number of dif- 
ferent conditions. In none of the work, however, is there any refer- 
ence to the variation in volume with the variation in moisture 
content. What has been measured may be designated the " total " 
change, which represents the difference in volume between the satu- 
rated and the air-dry conditions. Whether all or the greater part of 
the variation occurs over the range of low percentage of water or near 
the saturation point, or whether it is equally distributed over the 
entire range of moisture variation, has not been determined. In 
studying the effect of different amounts of water as affecting the 
physical state of the soil and determining favorable conditions for 
plants, it is of particular interest to know whether special quantities 
of water have a determining influence on the physical properties. 

Variations in water content have all been in one direction, from the 
wet to the dry state, since there is no satisfactory way of adding 
regular intermediate percentages of water to a soil and leaving it 
in place for measurement. A soil could of course be molded into any 
convenient shape, saturated with water and measurements on the 
volume of the sample made as the water content decreased, without 
in any way disturbing the soil sample. The parallel results obtained 
by Wollny in the measurement of the " total " volume change in 
wetting and drying out a sample, indicate that the determinations in 
drying out a sample will probably give a true idea of the nature of 
the changes occurring. 
Experimental methods. 

Several different methods wei-e used to measure the change in vol- 
ume, because it was desired to have check methods and because differ- 
ent soil samples did not lend themselves equally well to the same 
method. The contraction along one dimension was measured rather 
than the actual volume change. The assumption was made that the 
contraction was the same in all directions and from the linear change 
for unit length the percentage volume decrease was calculated from 
the formula Z>— 1 — (1— «)°, where x represents the unit linear 
change. 

In one method, which will be designated the " soil column method," " 
a cylinder of soil was supported in an inclined position on a metal 
form made by sawing a brass tube in half, longitudinally. A cylin- 
drical brass follower was brought in contact with the upper end of the 
soil column. As the wet soil column dried out and diminished in 
length the brass follower moved downward, and this movement was 
measured by means of a micrometer screw, reading to 0.001 centi- 
meter. 

» For full description see p. 67 and fig. 32. 
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This same micrometer was used at a different time to measure the 
contraction of samples contained in vertical glass tubes {see p. 65 
and fig. 31) where a follower was also used in connection with the 
soil surface. This method will be designated as the " glass-tube 
method." 

A different micrometer screw, reading to 0.0001 centimeter, was 
used in another method, where the soil sample was held in a cylin- 
drical dish (see p. 68 and fig. 33), through the perforated bottom of 
which the sample could be saturated with water, A brass disk was 
set on the surface of the soil and the micrometer point brought in 
contact with this. For convenience this method will be designated 
the " micrometer method." A cathetometer was used to follow the 
contraction in soil samples supported in containing vessels having 
perforated bottoms. The point of an upright shaft, supported by a 
disk resting on the surface of the soil, was focused on the cross lines 
of the cathetometer telescope and tliiis the variation in the height 
of the soil surface was followed. This method will be called the 
" cathetometer method," 

As a further indication of volume changes the apparent specific 
gravity of the soil was measured by -weighing a unit volume in the 
condition in which it was worked. These observations were made 
at the same time that the penetration work was being carried on. 
In determining these data for the various soil samples it was neces- 
sary to level off the dish carefully, weigh dish and soil, and divide 
the weight of the soil by the volume of the dish. 
Besults for Podunk flue sandy loam. 

It has been shown above that at a certain percentage of water the 
penetration results indicate that it is possible to work the soil into 
a maximum " looseness," which amount of water corresponds to the 
optimum water content. This observation was further checked by 
" measuring the apparent specific gravity of the soil— the results being 
given in Table XVII. 



Table XVII. — Apparent specific gravity-moiat 
gan^y loam. 
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These data are better illustrated by the curve in figure 9, from 
which it is seen that the variation of apparent specific gravity with 
moisture content corresponds closely with the penetration-moisture 
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results. On account of the greater accuracy attainable by weighing, 
the data given by the ap- 
parent specific gravity 
variations are even more 
concordant than those 
given by penetration meas- 
urements, which are more 
difficult to malie with ac- 
curacy on account of the 
influence of small irregu- 
larities in packing. 

The apparent ■ specific- 
gravity data obtained in 
connection with the pene- 
tration measurements made when the soil was subjected to different 
packing pressures are shown by means of the curves in figure 10, 
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where the numbers on the curves represent the packing force per 
square centimeter. These curves are similar to the corresponding 
penetration curves, but they indicate more clearly the tendency to 
flatten out under increasing pressure due to the fact that the specific 
gravities of the dry samples are much closer together, so that the 
results of packing the loose soils at the optimum water content are 
more marked. 

It can be readily seen from the work of Wollny on the " total " 
change of volume of soils that the measurement of the change of 
volume in sand with varying moisture content would present ex- 
ceptional difficulties on account of the very small change of volume. 
When it is borne in mind that the volume is a cubical function of one 
length, the difficulty of obtaining accurate measurements on the linear 
contraction can be appreciated. In comparison with the readiness 
with which contraction measurements were made on some soils, the 
study of the volume change in Podunk fine sandy loam presented 
serious experimental difficulties. But these results were essential in 
order to compare the variations in this physical property with the 
changes in penetration and apparent specific gravity already given, 
and to complete a correlation of the individual properties that are 
dependent on the moisture content of the soil. 

The results of a series of measurements on the volume changes in 
Podunk fine sandy loam as made by the micrometer method are given 
in Table XVIII. 



Table XVIII. — Volume-i 
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From the table it will be seen that the saturation point at which 
the measurements were started was about 33 per cent moisture con- 
tent. As the sample dried out there was a gradual decrease in volume 
until about 18 per cent of water was reached when the contraction 
had amounted to 7.13 per cent of the original volume. From this point 
on there was very little, if any, contraction in volume over many per 
cent decrease in moisture content. When the soil reached about C 
per cent moisture content, however, a more rapid volume decrease 
commenced. At 2 per cent of water the volume decrease had reached 
1377U— Boll. 50—08 3 
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8.i per cent of (.he original volume. These data are shown in another 
form in figure 11, where the moisture content is platted i 
and the per cent volume decrease as ordinate. 
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t loam by the micrometer metbod. 

In Table XIX and figure 12 is given a series of measurements made 
by the " glass-tube method," and these show the same variations as 
do the previous measurements. 

Table XIX. — Volume-moisture relalloiis for Podunk fine sandj/ loam. 

[Length ot soil column, 10 centimeters.) 
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The total percentage decreases are not the same by the two methods. 
A,s was pointed out in the chapter on penetration, the " absolute " 
values of these changes have 
no significance, but only the 
relation between the water 
content and the property 
being studied. It is to be 
noticed, however, that the 
measurements by the latter 
method were not begun at 
33 per cent, but at 24 per 
cent, and if a similar range 
be taken on the curve of figure 11 the total volume changes by the two 
methods more nearly approach each other. Considering the curves 
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within the range of the moisture content covered in the penetration 
work^ — namely, 14 per cent to per cent — it will be seen that from 14 
to 6 or 7 per cent there is no appreciable change in volume in Podiink 
fine sandy loam, the loss of water over this range having no influence 
on the volume of the soil. In the neighborhood of 6 per cent, how- 
ever, a change is noticeable, a loss of water beyond this point being 
accompanied by a diminution in the volume of the sample. 

Thus, it follows that not only in the penetration but also in the 
aparent specific gravity a change occurs in the physical properties of 
the soil at about 6 per cent moisture content, which content is also 
the optimum. It is evident, therefore, that the optimum water con- 
tent has an important physical significance and the work on volume 
contributes much to an understanding of the factors that operate at 
the optimum water content. 
B«SQltB for Uiami bUcfc clfty loam. 

Very satisfactory volume results were obtained in tlie measure- 
ments on the Miami black 
day loam. The nature of 
the soil made it well 
suited to the soil column 
method of measuring vol- 
ume change ; because of its 
clayey nature and organic 
matter content it was able 
to retain the form of the 
soil column both in a very 
wet and a veiy dry condi- 
tion. Further, the pres- 
ence of the clay an<l or- 
ganic matter caused greater volume changes, which added much to the 
ease of obtaining results. 

A set of data obtained for Miami black clay loam on the volume 
change.s with varying moisture content is given in Table XX and 
represented graphically in figure 13. 
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From this table it in seen that for moisture changes over a wide 
range near the saturation point there is no change in volume. At 
about 40 per cent, however, there begins a contraction in volume 
wliich continues down to 
u the lowest limit to which 

5 the drying was carried. 

Another curve was ob- 
tained by the cathetome- 
ter method, the moisture 
content varying from the 
saturation point to well 
below the optimum. At 
the saturation end of the 
curve no variation in vol- 
ume occurred, but at about 
35 per cent moisture con- 
tent a decided contrac- 
tion began, which con- 
tinued through the lower moisture contents. These data are given 
in Table XXI and figure 14. 

TAJiUi XXI. — Volume-tiioiKturf! relatione fur Miami black ctau loam by the calke- 
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Another set of results on the apparent specific gravity of the 
different samples is plotted in figure 15, from which it is seen that 
the results run parallel to the penetration data, as shown in figure 6, 
Thus, again the volume 
changes indicate that a 
change in tlie physical 
properties of the soil oc- 
curs in the region of the 
optimum water content. 
Eesnlts for leonardtown loam. 

The data and curve for 
a set of measurements on 
the volume changes in Leonardtown loam are given in Table XXII 
and figure 16. This curve does not show a marked change in direc- 
tion at 15 per cent moisture content, and lias been added for the saiie 
of completeness to illustrate what may be expected in volume meas- 
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urements on a soil of this nature. Numerous attempts to take meas- 
urements of the volume changes were made with this soil, from which 
widely varying results were obtained. A few of the forms of curves 
resulting from different methods are plotted in figure 17, and show 
that the behavior of this soil is quite irregular. 

TABZ.E XXII. — X'olume- 
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The variable conduct of this soil may be attributed to its uncertain 
plasticity, due to the irregiilar distribution of clay in the soil. As the 
soil dries out the particles stick together, and when dry the whole 
becomes cemented into a 
very hard and compact 
mass. This cementing of 
the particles interferes 
with whatever tendency 
the changing moisture con- 
dition might have to alter 
the internal arrangement 
of the soil." 

Upon examination of the 
curves in figure 2, in which 
' are plotted the penetration 
results of Puchner, it will 
be seen that the measure- 
ments on clay samples show peculiarities very similar to those en- 
countered in the present work.- In the cases in which quartz and 
humus were in excess the penetration-moisture data all showed 
maxima in the curves. When kaolin was present in large amounts 
the penetration values increased steadily as the drying progressed, 
which action Puchner ascribed to the plastic nature of the material 

"The subject of plasticity In clays bas been discuHsed by mnny writers, and 
references to a few of tbe more Important treatises are liere given ; Scblosing. 
Gompt. rend.. 74, 1408 (1872) ; 78, 1278 (1874) ; Jour, de r agriculture, 9 Iv, 50, 
83. 140. 171 (1874) Hilgard. Forach. auf dem Geb. Agr.-Phys.. B, 441 (1879) ; 
Tan Bemmelen, Landw. Vere.-Stat, 86, 69 (1888); Whitney, Bui. No. 4, 
Weather Bureau, TJ. S. Dept. Agr- (1892), p. 27; Blea Clays; Tbeir Occur- 
rence, Properties, and Uses. New York, 1906. 
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and to the hard, cemented character which the soil assumed on dry- 
ing out. It is evident from 
the penetration results for 
Leonardtowii loam that 
when the sample is worked 
np into condition at the 
different moisture contents, 
the cementing action ac- 
companying drying out is 
largely prevented. 

The apparent specific 
gravity curve shown in fig- 
ure 18 was plotted from the 
data contained in Table 
XXIII. A similar set of 
data is given in Table 

XXIV. In all cases there is a well-defined minimum at 15 per cent 

moisture content. 




P£» CENT or MOISTORE 

— Volume- mala ture tcbuIIb tor Lvoniir 
D loain b; the noil column method. 
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Table XXIV, — RelaMowi hHu>een pt^etration. apparent ftpecific gravity, and 
tnoitture for Leonarilloim loam. 
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BesnltB for muck. 

This soil proved to be well suited for measurements on volume 
change by the soil column method, not only because it retained its 
form on contraction without developing large cracks, but also because 
it gave fairly large volume changes. The results of the series of val- 
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ues obtained for volume change with varying amounts of water by 
the soi! column method are given in Table XXV, and shown graphic- 
ally in figure 19, 

TiBLE XXV. — Volume-moiiture relations frrr mvck hy the soil eoUtmii method. 
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From the curve it will be seen that beginning at 217 per cent of 
moisture, which represents the saturation limit, there is very little 
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FiQ. IB. — Appa ren t- B pei^ I nr gravity- moisture results tor I.eonnrdlown ioam, 

decrease in volume over a wide range of moisture content. At 140 
per cent of water there is a sharp contraction in the volume which 
continues down to 45 per cent, the air-dry condition. 

A series of check results 
was obtained by the cathe- ^ 
tometer method, and is 
given in Table XXVI and 
figure 20. The results are 
quite like those obtained by 
the column method, indi- 
cating that there is a large 
change between about 140 
per cent of moisture and 
the air - dry condition. It 
follows that this soil ex- 
hibits the same critical changes in physical properties at the optimum 
water content as were found in the other soils. 
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Table XXVI. — Volume-moisture relatlong for muck by the caihetometer metltod. 
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iponding results for penetration and apparent 
specific gravity are given, the ab- 
scissas being common to both 
curves. It will be seen that the 
two curves are similar, indicating 
that it is possible to work this soil 
info the loosest condition at 120 
per cent of moisture, at which 
point the soil is in the best pos- 
sible agricultural condition. On 
the addition of water beyond this 
point the soil soon becomes too 
wet to be easily worked, as might be predicted from the rapid rise 
of the penetration curve. 

SirCCBSSIVB WETTING AND DETING. 
Objects of csperjmenb. 

In studying the relation between volume change and moisture con- 
tent one must consider what constitutes " natural " packing in the 
soil. It is known that there are large volume changes in soils under 
field conditions whenever the soil is dried or wetted. These volume 
changes render it highly improbable that the soil will stay in any 
condition of packing imposed by an external agency. It is a matter 
of common observation that when a soil is put into a loose condition 
by cultivation or other means and subsequently left undisturbed it 
will settle back in time nearly to its original volume. The relation 
between the change in volume due to settling and the change in vol- 
ume due to a variation in moisture content was therefore investigated. 
Experimental methods. 

The methods of measuring the volume changes were the same as in 
the volume work described above. When the soil had gone through 
the process of drying out once it was wetted by capillary rise without 
in any other way disturbing it. A complete record of the volume 
measurements was obtained while the soil was drying out; the total 
change in volume due to wetting was observed without obtaining 
measurements for the intermediate moisture contents. This cycle 
could Iw repeated any number of times, and the variation in soil vol- 
ume due to continued wetting and drying could be readily followed. 
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B«9ultB tor Hlaml black clay loam. 

The results of a set of measurements by the soil-column method 
for Miami black clay loam in which the original sample was in fairly 
loose condition are given in Table XXVII. For each cycle the vol- 
ume decrease has been given in cubic centimeters and in per cent. In 
the last column is given the total volume decrease referred to the 
original volume. The separate curves are referred to the same 
standard for comparison, i. e., the original volume of the sample. 

TABtE XXVIl, — Totvme changes for the continued wetting and drying of a loose 
sample of Miami black loam. [Soil colvm-n method.} 
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From the data for total volume change it can be seen that there is 
a decrease in volume on drying out the wet sample. When the dry 
soil is wet again, there is an expansion, which is not, however, as large 
as the previous contraction, so that the total effect for the cycle has 
been to reduce the volume of the sample. The effect of continually 
wetting and drying a loose sample of soil is better seen from the 
curves in figure 21, which have been plotted from the data given in 
the above table. 

The volume decrease for the loose soil in drying from a saturated 
to an air-dry condition was about 14 per cent of the original. This 
change is represented by curve 1. On again wetting the dry soil, it 
still showed a volume of 10 per cent less than the original. If on dry- 
ing out the second time the moisture content had been reduced as low- 
as it was in the case of curve 1, the volume change would have been 
about 12 per cent. This can be seen by extei-polating curve 2 to a 5 
per cent moisture content. 

i),j ,..iiA..OO^IC 



42 



MOISTUEE CONTENT AND CONDITION OF SOILS. 



The volume change from the original condition is about 23 per 
cent; hence at the end of this drying the soil occupies 77 per cent of its 
original volume. Likewise when this dry sample was wetted again, 
the expansion was less than the previous contraction, so that at the 
end of the second cycle the sample was packed still more. The differ- 
ence, however, between states 3 and 2 is much less than between 2 and 
1. The volume occupied by the soil after the third wetting decreased 
13.8 per cent on drying out, which indicates that, although the sample 
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Fto. 21. — Volume obniig«fi nith Buocesslve wetting and clrjlng of loosely packed MlBol 
blnek elay lonm. 

is packed more tightly, the contraction in passing from a saturated 
to an air-dry condition remains about the same. The results for the 
fourth and fifth dryings are represented by curves 4 and 5, and in 
general indicate that the changes due to successive wettings and dry- 
ings are more nearly identical and that the sample is approaching a 
condition of " natural " packing. 

By the time curves 4 and 5 were obtained the soil column was in 
rather poor condition, owing to the fact that the cracks which formeil 
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on drying were not repaired in the subsequent wetting, so that the soil 
column developed points of weakness which interfered with the 
measurements of the total volume changes. For a continued series 
of this kind the soil column method would not prove so satisfactory 
as a method in which the sample is contained in a dish and the height 
of the soil surface measured. The former method has, however, the 
distinct advantage of being rapid, since the surface exposed per gram 
of soil is relatively very much greater than if the sample were con- 
tained in a cup. It is probable that the first three curves are more 
reliable than those obtained when the soil column was weakened by 
cracks. 

These measurements on the continuous contraction of a loose sample 
of Miami black clay loam lead to the following conclusions : 

(1) On drying and wetting a loose sample of soil there is a marked 
hysteresis effect in the volume changes, resulting in a total contrac- 
tion in volume for a moisture-change cycle. 

(2) On successive wettings and dryings this hysteresis becomes less 
and less. When it disapj«'ai"s altogether, the expansion on wetting 
will be equal to the contraction on drying and a condition will have 
been attained which may be designated a " natural "' packing of the soil. 

(3) Curves 1, 2, and 3 show that within limits the contraction 
in drying from a saturated to an air-diy condition is not greatly 
dependent on the packing. 

BsBulta for Uuck. 

A sample of Muck in a ♦ 
loose condition was found 
to give similar results for •* 
successive wettings and ^ 
dryings. The contraction § 
on drying out the sample w" 
the first time was 29.2 per a _ 
cent of the original vol- § 
ume. .On wetting it in- b ~ 
creased, however, only 7 ^ 
per cent ; as the result. « 
therefore, of one cycle the «. 
volume was 22.2 per cent 
less than originally. On '" 
drying out the second time 
the volume decrease was 7.6 per cent, which made a total volume 
deci"ea-se of 29.8 per cent. 

That the condition of natural packing in a soil does not represent 
the closest possible packing is evident from observations made on the 
successive wetting and drying of a very tightly packed sample of 
Muck. The soil, in a moderately moist condition, was closely packed 
into a cup and the change in volume with moisture content was fol- 
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lowed by the cathetometer method. The results stated in Table 
XXVIII are expressed in the same manner as in Table XXVII, 
except that when the volume of the sample becomes greater than in 
the original condition the total per cent decrease in volume is assigned 
a negative value. The original saturated condition is taken as zero 
on the percentage volume change scale, and increases and decreases 
in volume are figured down and up respectively from this point. 
The results are more easily appreciated from the corresponding curves 
in figure 22. The curves have been numbered in the order of the 
successive dryings. On drying out the original sample the usual 
volume contraction is noted. The direction of the change (not the 
actual path) on wetting is indicated by the arrows on the dotted 
lines. In this case the expansion on wetting was greater than the 
previous contraction, and at the end of cycle 2 the sample is in looser 
condition and occupies a greater volume than at the end of cycle 1. 
Curve 2 again shows a contraction on drying and a much greater 
expansion on wetting. Curve 3 also shows the usual contraction on 
drying. 

Table XXVIII. — Yolvme changes fur the continued wetting and drying of a 

elogelv packed nample of Mvck {cathetometer Method). 
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In comparing this with the curves representing the continuous 
changes in a loose sample (fig. 25) the effect of continued wetting and 
drying is seen to be in an opposite direction. It is possible therefore 
to pack a soil so tightly that on continuous moisture changes the 
volume will increase. This hysteresis effect will cease when the ex- 
pansion due to complete wetting just equals the contraction due to 
drying out to the air-dry condition, and the soil will then be in the 
state of natural packing. It has been suggested that within narrow 
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limits the change in volume on contraction was not greatly dependent 
on the packing. If this were not the case the influence of packing 
would have to be considered in measurements, such as were made by 
Wollny and others, on the " total " volume change due to wetting and 
drying. It has been made clear that unless the condition of natural 
packing is realized the volume decrease in drying will not be the 
same as the increase in the subsequent wetting. That the volume 
changes obtained by previous investigators (see Tables XIV and XV) 
on wetting a soil were different from those obtained for the same soil 
on drying was no doubt due to the fact that the samples were not in 
the condition of natural packing and that the hysteresis effects de- 
scribed above were encountered. 

BATE OF ETAFOBATION. 

RELATION OF BATE OF EVAPORATION TO KOISTTTBE CONTENT. 

Exp^mental methods. 

Since vapor pres.sure, and hence rate of evaporation, varies with 
temperature, reliable results could be obtained only when the meas- 
urements were made at constant temperature. A large air thermostat 
was made for this purpose. In order to cut down radiation the walls 
were built double. The heating was done by electric lamps controlled 
by the Geer " form of electric thermo-regulator. The air was thor- 
oughly stirred by means of a fan, driven from the outside by a motor. 
By means of this device the temperature could be maintained con- 
stant within 0.1° C. In order that the humidity might remain con- 
stant during evaporation the samples were put in desiccators over a 
relatively large surface of 95 per cent sulphuric acid, which main- 
tained a partial vapor pressure of 0,1 millimeter mercury at 25° C, 
the temperature of the thermostat. 

Thus by regulating the temperature and consequently the vapor 
pressure the conditions for evaporation were controlled satisfactorily.* 

The method consisted of wetting to its saturation point an amount 
of soil equivalent to 20 grams of diy material. The weight of the 
bottle and soil was determined initially and at frequent intervals 
during the process of drying out in the desiccator. From the loss in 
weight and the time between successive weighings the rate of evapor- 
ation was calculated. From the observed weight of the soil and 
bottle and the dry weight equivalent of the soil, the moisture content 
at the time of weighing was calculated. The calculated rate of 
evaporation was based on the mean water content prevailing over 
the time in which the loss was occurring, i, e., the mean of the 
moisture contents calculated from two successive weights. 

«Jour. Phj-B. Cheui.. C, ST. (1902). 

^ Under these conditioiis the rsite of evaporation from a dish of water should 
ot course be constant. This was tried experimentally with sat:sfactorf results. 
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BeBuIts for Fodunk flua sandy loam. 

A series of measurements on the rate of evaporation for Podunk 
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FiG. 23. — Rate-or-eTaporatloD-molature results for rodunk flae snndy loam, 

fine sandy loam is given in Table XXIX, and is represented graphic- 
ally in figure iiS. 

Table XXIX. — Kate of evapuratUin frotn Podunk fine saiiily loam over 9S per 
cent sulphuric acid at 23° C. 



moistmc 


'Si- 


IJBS, 


LoilB 

per hour. 


-Hi 


terva" 


Losi. 


hour!" 




Hoarl 


Oram 


GtWK 


Percent. 


Houre. 


Otam 


Oram 




'fS 




"■^ 


























IH 


15,3 


'.mi 


:W90 


i 


aio 


;S 


:004S 



The measurements on the rate of evaporation wf^i-e begun when 
the soil held 28 per cent of water. The first evaporation was prob- 
ably from the surface 
alone, so at first there is a 
small decrease in the rate 
as the water begins to 
evaporate from the pore 
spaces. Beginning at 22 
per cent of water and ex- 
tending over a wide range 
the rate of evaporation re- 
mains quite constant. At 
about 6 or 7 per cent a 
change takes place, for the 
rate decreases and con- 
tinues to fall rapidly as 
the percentage of moisture 
decreases. Again, tliere is an obvious change in the physical proper- 
ties of the soil at the optimum water content. 
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Kesults for Hiami black clay loam. 

On account of the high water content at the optimum in this soil 
the rate of evaporation method was exceptionally well suited to fur- 
nish a comparison of the soil condition at different water contents. 
The optimum for Podunk fine sandy loam lies so low that the change 
in the curve for the rate of evaporation might be supposed to be due lo 
the relatively dry condition alone. In the present case the optimum 
lies about 30 per cent above the air-dry condition, so that changes in 
the character of the curve for rate of evaporation will be more sig- 
nificant. The data for 
this curve were obtained in 
the same way as for Po- 
dunk fine sandy loam. 
The data and the graph- 
ical representation are 
given in Table XXX and 
figure 24. 

The evaporation curve 
which was started near 60 
per cent is horizontal for 
about 20 per cent decrease 
ill moisture content, show- 
ing a uniform rate above 
the optimum. At about 
40 per cent, however, it gradually changes direction, the rate of evapo- 
ration falling. 
TiBLB XXX.^Rate of evaporation from Miami black clay loam over 95 per cent 
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For Miami black clay loam the studies in penetration, apparent 
specific gravity, and rate of evaporation all indicate that the critical 
moisture content which determines the physical properties of this soil 
lies between 35 and 40 per cent, which also is the optimum water con- 
lent of the soil. 
Besults for Loonardtown loam. 

The measurements of rate of evaporation from Leonardtown loam 
are given in Table XXXI and figure 2.5. 
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It has been shown that for this type of soil the volume relations 
at the optimum water content do not permit of very satisfactory con- 
clusions. However, the penetration and evaporation measurements 
whow critical changes at about 15 per cent of water, the optimum 
water content of the soil. 
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The results for this soil are given in Table XXXII, and have been 
plotted in figure 26. When the soil in a very wet condition was put 
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over sulphuric acid in a desiccator there was at first a rapid drop 
in the rate of evaporation corresponding to the decrease as in the 
previous cases studied. The curves, however, indicate that for a 
wide change in moisture content it exhibits very little change in 
the rate of evaporation. At about 120 per cent there is a rapid 
decrease in the rate of evaporation, indicating that the critical mois- 
ture content has been reached. This decrease continues down to 30 
per cent, at which point measurements were discontinued. 



n,g:,7ndtyG00glc 



MOISTURE DISTHIBUTION. 



Moai. 


«?™, 


u^ 


Low per 
hour. 


'^^. 


ioT:?iti. 


Loes. 


^ri 


rercait. 


flour.. 


dram. 


Oram. 


Percei\t. 


Hourt. 


r™'- 


o™«. 1 


























































































































30 


M.6 


.«861 


.Cri79 



MOISTURE SISTBIBUTIOH. 
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A\Tien to a dry soil a very small amount of water is added by put- 
ting the i^aniple in an atniowphero saturated with vapor, there will be 
a direct condensation on the soil grains, and water will be held partly 
or entirely in thin films on the surface of the soil particles. Owing 
to an attraction between the particles and the wat«r at the surface, 
'his absorbed moisture is held with very great force, and the wetting 
of the soil grains is accompanied by an energy change of considerable 
magnitude. On wetting a mass of dry soil the formation of this 
film in the manner stated is accompanied by another effect due to the 
contact of soil grains. The films merge, so that a number of soil 
grains may be considered as being covered by one continuous film, 
and pnlled together at the points of contact by the tension of the 
connecting film. Considering for the moment the formation of the 
films around the grains, it is evident that as more water is added to 
the soil and the films get thicker a point will be reached where the 
surface attraction of the soil particle is no longer strong enough to 
retain more water, since the surface force decreases rapidly as the 
distance from the surface increases," 

Before this point is reached, however, the thickness of the water 
films at the point of contact between the grains has been increasing 
owing to the film tension at the points of high curvature in the angles 
between the grains.* The thin, wedge-shaped angles between the 
grains will act then as capillary spaces and help to hold water. Since 
'he surface fihns and capillary films merge, it is impossible to dis- 
tinguish between them. The forces exerted by these films determine 
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the changes in the internal arrangement of the soil particles and the 
physical characteristics of the soil. 

EPFECT OF MOISTUIIE DISTBIBUTION ON VOLtTHE CBANOES. 

When a soil is saturated with water the pore spaces are filled. As- 
snining that those soil capillary tubes are continuous and of uniform 
diameter, the capillary force holding the water is equal to the pull in 
an ordinary capiilarj' tube of a similar size. In comparison with the 
oapiilary spaces occurring at the contact of the soil grains, these 
tubes are large, so that the capillary force exerted by them is rela- 
tively small. Since the water in the large spaces is not held by great 
force, it will be the first to evaporate and will have but little effect in 
changing the arrangement of the grains. As evaporation proceeds a. 
point will be reac-hed where the water begins to evaporate from the 
fine capillary spaces, which include the angles between the soil grains. 
At this point the forces of film tension become more noticeable. As 
the water held between the soil grains diminishes and retreats farther 
and farther into the angles, the surface film stretches, increasing the 
film tension and pulling the soil grains inclosed by it still closer to- 
gether, thus producing a contraction in the volume occupied by the 
soil. The point where the effective film forces are just sufficient to 
cause changes in the internal soil arrangement will be designated the 
"critical moisture content." As evaporation continues still further 
the surface films around the grains and the capillary wedges held 
between the grains become thinner. Tlie surface film forces continue 
to increase i hence the volume should steadily decrease until the soil 
i-eaches an air-dry condition. 

It is evident from the data given for the volume changes in Podunk 
fine sandy loam that the above consideration is. substantiated by ex- 
perimental facts, and even more strongly by the volume changes 
observed with the other soils. Take, for example, Podunk fine sandy 
loam with about 14 per c'ent of water. At this point the large pore 
spaces contain considerable water, and as the soil dries out this water 
will be the first to disappear. Since the large capillary tubes consti- 
tute a relatively large part of the soil space available for water, they 
will hold a considerable percentage of the water when the soil is 
saturated. This will be particidarly true in this soil, a sand, where 
the single intergranular spaces are large, owing to the size of the Eoil 
particles. The withdrawal of water from the larger pore spaces will 
therefore cause a large decrease in the moisture content of tlie soil. 
\Vhen the moisture content of the soil is about 6 per cent, the critial 
water content is reached and a change in volume begins. 

It will be remembered that for volume changes in Podunk fine 
sandy loam a large volume contraction occurred between 33 and 18 
per cent of water, between which limits the soil is too wet to ascribe 
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(he variation to the tension of the surface films. As the measure- 
ments were made on fairly loose samples of soil, it is quite possible 
that this volume change was caused simply by a gradual settling of 
the wet soil particles. When wet beyond a certain point a sand be- 
comes incoherent. The soil aggregates seem to break down and the 
grains slip easily over one another, the excess of water acting as a 
lubricant and reducing the friction between the grains. It is pos- 
sible that the volume changes occurring near the saturation point may 
also, in part, be due to a tendency of the free water to buoy up the 
soil grains and in this way decrease the packing of the grains by 
lowering the effective specific gravity of the individual grains. As 
the wet soil dries out, this tendency decreases and vanishes at a con- 
tent of water a little below the saturation point. 

The larger volume changes due to addition of water in*clay soils is 
sometimes attributed to the presence of large amounts of colloidal 
material, which is supposed to imbibe the water and swell like starch 
grains. This view can easily be brought into agreement with the 
above theory of volume change. The question of absorption in a cell 
has been quite fully considered by Kaufller " and it lias Imh'h shown by 
Patten* that absorption with imbibition can be considered as a special 
case under absorption. For our purpose, therefore, it makes no dif- 
ference whether the volume change is due to action on the exterior 
surface of the particles or to imbibition accompanied by an increase in 
size of the particles. In the case of a peat soil, for example, it seems 
entirely reasonable that on account of the nature of the material a 
large change in volume is due to imbibition and swelUng of the cells. 
There is no reason why a similar view sliould not be held for clay, 
although here it is quite possible to explain the phenomena without 
recourse to this idea. The volume changes in clay are very much 
greater than in sand. On account of the large difference in soil sur- 
face iu a similar volume of the two classes, we would also expect the 
capillary and film effects in clay to be very much greater. The pro- 
portion of the relative areas exposed by equal volumes of very fine 
sand and of clay may be as great as 1 to 300, a difference which is 
quite sufficient to explain the large differences in volume changes in 
the two soils, on the basis of surface absorption and surface tension. 
EFFECT OF HOISTtFBE DISTBIBUTION ON FENETBATIOIT. 

Having shown that volume changes in soils can be explaine<l on the 
basb of the forces exerted by the capillary and surface films around 
the grains, and that the critical water content for volume-change and 
that for penetration arc identical, it remains to be seen how the above 
considerations regarding the distribution of water in the soil explain 
the phenomena observed in the penetration experiments. 

"Zeit. rliys. CheDi., 48, 086 (1903). 
'Trane. Am. Electrochem. Soc., 11 (1907). 
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Consider firHt the case of penetration under conditions of Icc^e 
structure. Tlie variations in the penetrability of the soil were attrib- 
uted to the ability of the soil grains to arrange themselves into aggre- 
gates. In a dry soil the cohesion between the grains is that of one 
dry, solid body for another, and is readily seen to.be small. The 
particles are thus quite free to move each other and tend to settle 
down into a compact condition. -When a small amount of wat«r is 
added to the soil, it gsithers over the surface as films and settles into 
the angles between the soil grains. The cohesion of the soil particles 
increases and the action of surface tension promotes the formation 
of floccules and increases the possibility of building up tlie soil into 
a loose structure. As more water is added the thickness of the films 
and the amount of water held in the angles between the grains in- 
crease, the coliesion increases, and the soil responds better to culti- 
vation. This effect reaches a maximum when the amount of water 
that can be held in this way reaches a maximum, and will be indi- 
cated by the fact that a minimum amount of force will be necessary 
to penetrate the soil sample. Since tlie loosely arranged soil grains 
in tliis condition occupy the smallest possible percentage of the total 
volume of the soil, the remainder of volume being taken up by air, 
the resistance to the introduction of a penetrating tool is a minimum 
at this (K)int. 

Tlie further addition of water beyond the critical moisture content 
begins to fill up the larger pore spaces and to flood the soil. The soil 
aggregates begin to break down, thereby increasing the force neces- 
sary for penetration. This is shown by a gradual rise in the penetra- 
tion curve beyond the minimum. Parallel results are, of course, indi- 
cated on the apparent specific gravity curves. The variations in pen- 
etration with moisture content is therefore related to differences in 
the distribution of water in the soil. 

This same theory of soil moisture distribution accounts for the 
penetration results obtained by tlie Puchner method, where the criti- 
cal water content for penetration was indicated bj' a maximum. As 
dry soil was packed into the containing vessel, the sample can be 
considered to represent a " single grain structure." The wetting ot 
this dry sample must have been accompanied by an increase in vol- 
ume, which caused an upward movement of the soil surface and a 
horizontal Ihrust upon the sides of the vessel. This acted as a pack- 
ing force to the already close arrangement. The wetting of the soil 
also caused an increase in cohesion, as has been pointed out above. If 
the penetration measurements, therefore, had been made first on the 
dry sample and then on the sample corresponding to the maximum 
cohesion, there should be noted an increase in the penetration value. 
When a soil is saturated with water, the flotation effect tends to sus- 
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pend the particles and decrease the packing. The excess of water, 
which renders the soil incohei'ent, acts as a lubricant, and increases 
the ease with which the soil grains slide over each other. At satura- 
tion this effect is greatest, so that the resistance to penetration is 
least. As the percentage of water decreases, this effect decreases, and 
the penetration values rise as shown by the curves. liATien the water 
disappears from the larger pore spaces, the critical moisture content 
and the point of maximum cohesion is reached, at which point the 
packing effect due to wetting the soil in a confined space is still in 
force so that the penetration value is high. As the amount of water 
further decreases there is a decrease in volume due to drying as 
already shown and a corresponding diminution of this horizontal 
thrust on the walls of the dish which causes a decrease in the pene- 
tration value. Tlierefore for a soil sample treated in this way the 
maximum force required for penetration is necessary at the critical 
moisture content. In the case of Podunk fine sandy loam the occur- 
rence of the critical point in the penetration -moist lire relations in 
both methods of measurement at about per cent of moisture is not a 
mere coincidence, but is due to the same fundamental forces exerted 
by a certain quantify of soil moisture in its distribution upon the soil 
particles. 

The change in the physical properties of a soil may l>e referred to 
one particular percentage of water only in case the distribution of 
the water in the soil is entirely uniform, which condition of course 
does not occur ordinarily. The distribution of water is affected in 
some measure by the size of the grains, irregularities in packing, 
gravity, and other variables which can not be controlled. The condi- 
tion which has been described as influencing the internal arrangement 
of the soil grains can not then be correctly ascribed to a single point 
in the moisture variation, but must be considered as operating over 
a more or less narrow range of moisture content and subject to slight 
variation from sample to sample of one soil. Also, the measurement 
of this range may give slightly different results, depending on the 
method used. From a theoretical point of view the variation in 
range due to differences in the conditions prevailing does not detract 
from the value of the results or of the conclusions reached, since the 
cause of this variation is clear. 

EFFECT OF KOISTURE DISTRIBUTION ON BATE OF EVAPORATION. 

A further confirmation of the view that the content of soil moisture 
determines the physical properties of the soil is fumishe<i by the 
investigation on the rate of evaporation of soil water from soils con- 
taining different percentages of water. It lias been pointed out that 
a great difference must exist between the forces with which the water 
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is held in the larger pore spaces and in the capillary-angles between 
the grains. From this the conclusion follows that there must be a 
corresponding difference in the rate of evaporation. 

As the water evaporates out of the larger pore spaces, the rate of 
evaporation will be determined by diffusion and by the forces of 
capillarity. Since a considerable quantity of the total soil water is 
held in the larger pore spaces and since tlie capillary pnll in these 
spaces is not great in comparison with the forces exerted in the fine 
angles between the grains, the influence of capillarity upon evapora- 
tion from the large spaces will be relatively small. In relation to the 
rate of evaporation much of the intergranniar space can be considered 
to be of the same order of magnitude, for which reason the rate of 
evaporation over a considerable range will not decrease very rapidly 
while the soil is drying out. As the evaporation continues the water 
held in these pores will disappear, and the soil water will be distrib- 
uted almost entirely in the iine capillary angles between the soil 
grains and on the grains as films, where the greater capillarity holds 
it more strongly. Ilelow this critical moisture content there will be a 
gradual falling off in the rate of evaporation, due to the increasing 
attractions between the water and the soil, causing a lowering of the 
vapor pressure of the absorbed films, ^Vhere the thickness of the 
film is such that the surface attraction just begins to cause a lowering 
in the vapor pressure of the film, the equilibrium point between the 
soil moisture and a saturated atmosphere of water vapor is reached, 
and in such an atmosphere no further evaporation of water from the 
soil grains takes place. In the open air, however, we are not dealing 
usually with a saturated atmosphere, and so evaporation will continue 
from the soil, bnt under constantly decreasing vapor pressure of the 
absorbed water, which in turn will cause a correspon<ling decrease in 
the rate of evaporation. When the vapor pressure of the soil films 
corresponds to the partial pressure of the moisture in the atmosphere, 
evaporation will cease, equilibrium having been reached between the 
vapor in the air and the film water. 

Below the critical moisture content there will be a decrease in the 
rate of evaporation di'^j first, to slower diffusion of the water vapor 
from the finer capillary spaces, and, second, to an increase in the 
film tension accompanied by a decrease in the vapor pressure of the 
film water. These two effects merge grai3ually one into another, so 
that a smooth curve showing the decrease in evaporation is the result, 
the rapid decrease in evaporation beginning when the water in the 
larger pore spaces has nearly disappeared. 

CItlTICAL MOISTUSE CONTENT AND HOISTUBE EaTTIVAiairr. 

That there is a connection between the critical moisture content 
and the distribution of soil moisture follows, also, from recent work 
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done in this Bureau." By nieuns of a centrifugal maohiue a wet soil 
sample was subjected to a force al>out 3,000 times that of gravity, 
which tended to throw the water from the soil. Even when sub- , 
ject€d to such a force it was impossible to reduce the soil sample to 
an approximately dry condition; in fact, the resulting soil sam- 
ples contained enough moisture to correspond to gtiod field condi- 
tion. It is evident from this that part of the water is held in the 
soil by very strong forces. The only moisture removed from the soil 
was that held in the larger pore spaces. Allien the moisture content 
of the soil is reduced to the point where the water is held in the 
form of films and as capillary water between the soil grains, it is 
retained more tenaciously. It was also pointed out that the amount 
of water removed from the soil is not directly jiroportional to the 
centrifugal force used ; that is, the soil can be reduced from very wet 
to a medium condition by a relatively small force. If at this point 
the speed be doubled, which means that the centrifugal force will be 
quadrupled, the further reduction of moisture content is compara- 
tively small. This is in agreement with the conclusions reached from 
the present studies on the rate of evaporation from soils. Instead 
of measuring the retentiveness of the soil in terms of centrifugal 
force, here the effect of such a retentiveness on the rate of evapora- 
tion has been measured. Wlien the soil moisture is held in the larger 
pore spaces, the rate of evaporation is fairly constant an<l not very 
much less than would be obtained under similar conditions from a 
free water surface. In other words, the retentiveness of the soil is 
not very great as indicated by the rate at which tliat part of the soil 
moisture evaporates. However, when the critical moisture content 
is reached, tlie rate of evaporation immediately begins to decrease, 
indicating that the soil water is held by greater forces in the finer 
capillary spaces. As the water surfaces retreat farther into the angles 
between the grains and the films on the grains liecome thinner, the 
forces holding the soil moisture in place increase; this in turn pro- 
duces a decrease in the rate of evaporation. The results obtained by 
the centrifugal method agree with the rate of evaporation results, 
indicating the point at which the larger soil forces come into play. 
To compare these two methods of studying the distribution of soil 
moisture one may use the measurements of Briggs and McLane on 
Norfolk fine sandy loam and the measurements above recorded on 
Podunk fine sandy loam. The Norfolk fine sandy loam very closely 
resembles the Podunk fine sandy loam in its physical characteristics. 
This similarity is shown in part by the comparison of the mechanical 
analyses of the two soils given in Table XXXII. 
<Brigga and McLane, Bui. No. 45, Bureau of Soils, U. S. De[it. Agr. (1907). 
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From this comparison it is seen that both soils contain a larger 
percentage of fine sand than of any other separate and that the quanti- 
ties in the two soils are comparable. The Podiink soil contains 
somewhat more very fine sand than the Norfolk soil. The amount of 
silt is the same in both cases, but the amount of clay in the Podnnk 
fine sandy loam is less than in the Norfolk fine sandy loam. By 
means of the centrifugal method the "moisture equivalent" was 
found to l>e (Sit per cent of moisture. The critical condition of soil 
moisture for Podnnk fine sandy loam, determined by the rate of 
evaporation method, was found to be fi per cent, which is in agree- 
ment with the critical moisture value for this same soil as determined 
from the penetration and volume-change studies. The value ob- 
tained from the similar Norfolk fine sandy loam by the centrifugal 
method is jnst a little higher, which may easily be attributed to the 
higher clay content of that soil, since we know that the clay in a soil 
exerts a large influence on its water-holding power. As no deter- 
minations are available for the "moisture equivalent" of Sluck 
or of the Miami black clay loam, there is no basis for comparison of 
these results. It is possible, however, to compare the sample of Leon- 
ardtown loam used in our investigations with a Hagerstown silt loam 
and a Clarksville silt loam, studied in the centrifugal work of Briggs 
and McLane. 

A comparison of the mechanical composition of these three soils is 
given in Table XXXIV. 

Tarlb XXXIV. — Mrchanical anaiyge* of Lermai-fltoimi loam, of ClarkiiviUe silt 
loam, and nf Hagerstown Kilt loam. 



Coarse Medium 



Clarksville silt loam more closely resembles the Jjeonardtown loam 
than does the Hagerstown silt loam. In all of the,se soils silt is in 
exce,ss, varying from G0,3 to 73.2 per cent for the three soils. As 
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regards this point, the Leonardtown and the Clarksville soils are 
closely comparable. The clay contents are about the same, being 
slightly higher in the Hagerstoivn silt loam. The " critical moisture 
centent " was found to be about 15 per cent for the Leonardtown 
loam. The " moisture equivalent," as determined by the centrifugal 
method, for the Clarksville soil was IS.l and for the Hagerstown 
sample 16.5. From the close similarity in the mechanical composi- 
tion and in the moisture values given, it would appear that the 
critical moisture content corresponds to the moisture equii'alent as 
determined by the centrifugal method, as well as to the optimum 
water content, as determined by plant growth and cultural practices. 

OPTIMUM WATER CONTENT AS BEOABDS PLANT QBOWTH. 

The usual definition of optimum water content is that amount of 
water in the soil which is best suited to plant growth. But no 
emphasis has been placed on this during the course of the previous 
discussion, where it has been spoken of more often as the amount of 
water determining the best physical condition of the soil. It can be 
shown that the amount of water determining the best physical condi- 
tion of the soil is generally the amoimt of water most favorable to 
plant growth. In this connection some evidence is given by Hein- 
rich," who determined the amount of water present in the soil when 
wilting of plants l)egins. In the six soils used determinations were 
made of the point of saturation, of the moisture content at which 
plants wilt, and also of the hygroscopic water content. This last was 
done by spreading the soil on a watch glass and exposing it for a week 
to an atmosphere saturated with water vapor. The results of this 
investigation are given in Table XXXV. 

Table XXXV. — Relation ftclwecn hugroxeapic moisture content and moiilure 
content at which planls begin to icilt, arooriling to Heliirirh. 



Soil. 
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From this table it is evident that hygroscopic water is not sufficient 
to supply the needs of a plant, but it indicates also that the plant 
can exist on a relati^elj small amount of ^vater In comparison 
with the moistuie content at whith wilting occurs, the amount pres- 

Zwelter Ber. Laudw. Vers.-Stat. Rostock, 1894, 19. 
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ent in the soil at the critical moisture content is large indeed, and 
seems to be entirely sufficient for gootl plant growth. A possible 
objection is that the optimmn water content is not the same for all 
plants, but from the above consideration it is evident that at the 
critical water content enough water is present for a good, if not an 
optimum, plant growth. In further experiments on two soils in 
continuation of the experiments just described the wilting points 
were determined for a large number of field crops. These results 
are given in Table XXXVI. 
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Considering the possible variations due to the difficulty of making 
close representative moisture detenninations in soils and the experi- 
mental difficulty of correctly Judging the time of wilting, there is a 
striking agreement in the above results for various plants. The aver- 
age for the calcareous soil is about i> per cent of water, from which 
figure there is no striking variation in any of the cases considered, 
and tlie average for the peat is about 34 per cent of water. 

The general l)elief that different plants require different optimum 
water contents in the soil seems to be a result of observations on the 
total amount of water tliat the plant actually requires rather than on 
the percentage in the soil best suited to its needs. The transpiration 
in one plant may be greater than in another, and the corresponding 
demand for water would be greater. Investigators in this field have 
usually supplied the extra amount of water demanded for this larger 
transpiration by increasing the total water content of the soil rather 
than by supplying more water as it is needed. That is, instead of 
gradually supplying a larger amount of water and maintaining the 
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moisture content of the soil near a constant percentage, the same 
result is obtained by increasing the percentage of water in the soil at 
one time. The idea that there are different optimnm water contents 
for the same soil for different plants may, therefore, be an outgrowth' 
of the prevailing methods rather than of critical experimentation. 
Moreover, the idea tliat there are different optimum water contents 
corresponding to different plants has apparently been confused with 
the fact that some plants have more endurance under adverse mois- 
ture conditions than have others. These same plants may be able to 
grow in a large excess of water without great apparent injury, but 
actually require less for more favorable growth. The fact that one 
plant can tolerate larger amoimts of water than another without 
serious injury does not alone justify the conclusion that the optimum 
water content differs for each. 

From this work, allowing the moisture content approximately con- 
stant with any one soil at which wilting of different plants begins 
and from the other considerations presented, it seems probable that the 
optimiim water content is that which makes for tlie greatest aeration, 
loosest structure, and, in general, most favorable physical condition 
of the soil. 

AFFABATUS AND HETHOSS. 
SCBEEMNCt APFABATUS. 

In beginning work on penetration of soils in the loose condition, 
it was recognized that there existed a serious difficulty in obtain- 
ing a uniform packing and so arranging the conditions that the 
same grade of packing could be obtained on succe.ssive trials, thus 
insuring duplicate results, A preliminary investigation was made 
on the effect of packing on penetration. The firmness of the packing 
was determined from the weight of the soil, since the measurements 
Were all made under one moisture condition and the soil was leveled 
in such a way that the same volume was always obtained. Tlie change 
in packing was effected by jarring the dishes and by varying the 
method in which the soil wa.s put into the containing v&s.sel. The 
results of such a series of measurements on Leonardtown loam con- 
taining 9.1 per cent of water are given in Table XXXVII. 

Table XXXVII, — Influence of packing on penetration. 
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When these results are plotted, using the weights of the soils as 
abscissas and the weights for j^enetration as ordinates, a smooth curve 
is obtained, showing that the penetration is not in direct proportion 
• to the weight, but increases more rapidly. But for a small variation 
in packing, such as would be met under ordinary experimental condi- 
tions, the penetration is, for all practical purposes, a linear function 
of the packing. This is confirmed by the following measurements 
made on Leonardtown loam, which held about 15 per cent of water, 
its optimum water content. 

Table XXXVIII.— Jn/Iueno- nf par-king on penetration. 





weight ot 


fn 


Ts 



These results when plotted He on a straight line and indicate that 
soil variations or manipulations cause considerable differences ,iii 
packing which, in turn, interfere with all measurements on penetra- 
tion. The importance of having a satisfactory method of pacting 




is therefore evident, uniionu packing is realized only when the 
process is entirely mechanical. 

The apparatus finally used is shown in figure 27. To the shaft of 
an electric motor is fastened an eccentric E, made from a rod 2 
centimeters in diameter, in which the shaft hole is drilled 0,5 wnti- 
meter off center. This eccentric fits into a hole in one end of the 



i,Ct)(.ii^lc 



APPARATUS AND METHODS. 61 

screen bos ST. The motion of the i-evolving eccentric gives the -screen 
a rapid shaking in both vertical and horizontal planes, which is 
very effective in forcing the damp soils through the mesh. The 
screen S, which is of 3 meshes to the centimeter, is in only one end of 
the box. A false bottom T, made of tin, servos to feed the material 
toward the mesh during shaking. The upper end of the box is sup- 
ported by means of two hooks, resting on a horizontal rod R, shown in 
cross section in the figure. The hooks are made of heavy insidated 
electric- light wire, the covering of which serves to reduce the noise 
caused by rattling. Further, to prevent rattling at that end of the 
screen, a kilogram weight IF 15 hung between the hooks. With 
this method of support the upper end of the screen is free to move, 
yet the motion is so reduced that during shaking the box stays well 
in position. The soil, after passing through the screen, falls into 
a funnel F and from there into the cup C, which holds the sample 
during the remainder of the experiment. 

The cup proper is 12.5 centimeters in diameter and 9 centimeters 
high, having a capacity of 1,100 cubic centimeters. A rim is added, 
which makes it possible to fill the cup above its own level. The rim 
is then removed and the soil leveled off to the edge of the cup. This 
gives a more uniform packing in the upper layer of the soil. 

The shaker makes it possible to repeat the packing of the same 
sample and also gives a basis of comparison in the measurements made 
on different samples, since the soil in each case is treated in the same 
way, falls through the same distance, and therefore is subjected to 
the same packing forces. Reproduction of these conditions is essen- 
tial in a series of measurements made upon samples containing differ- 
ent quantities of water, where it is desirable that the only variable 
entering should be the water content. 

PACKINO APPARATUS. 

The soil sample packed by tlie method just described is put into 
a uniform condition for experiment. Starting with the soil sample 
Ihus prepared it is possible to vary the packing in a definite and 
known way and tlius study the effect of packing on the physical con- 
dition of the soil. The packing is done by the arrangement shown in 
figure 28, where a front and side elevation of the apparatus is shown. 
A vertical shaft of brass AB works easily through a wooden guide 
block G. On the bottom of the shaft is a circular plate B of hard 
rubber, Just a little smaller than the inside of the cup C, into which it 
fits when packing the soil. On the upper end of the shaft is another 
plate A, which serves as a scale pan for the weights II', which are of* 
lead and so made that tliey can be placed in Uie middle of A and 
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concentric with one another, thus avoiding any serious side thrust 
where the rod passes through the guide. The shaft and plates are 
connected over pulleys with a weight i, hy which they are balanced. 
In order to have the cup C still full after packing, a rim R, 4 centi- 
meters high, is put on the cup. The screened soil is leveled to the 
upper edge of E and packed under any desired weight at a steady 
pressure for four minutes, after which the rim is removed and the 
soil surface reduced to the level of the cup proper. The sample is 
then ready for the penetration tests. 

The behavior of the soil when packed in this way is indicated in 
figui-e 29, where a series of measurements for Podunk fine sandy loam 




containing 2.3 per cent water is shown. In addition to the packing 
caused by the soil falling fi-om the screening machine, the soil ivas 
further compressed under pressure of 10, 30, and 50 grams per square 
centimeter. These pressures correspond to weights of 1, 3, and 5 kilos, 
the area of the compressing plate being alwut 100 square centimeters. 
1'he curve indicates that the increased packing pressure applied in this 
manner gives a fairly uniform increase in the force required for pene- 
tration. 
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PENETRATION' APPARATUS. 



The force required for peiieti-ation was measured on the apparatus 
shown in figure 30, The penetratiug tool A is made from a steel 
rod 1 centimeter in diameter. Thiw is turned into the form of a 
cone 10.6 centimeters long and 1 centimeter in diameter in the thickest 
part. The large end of this cone terminates in a tongue which is so 
fastened to the scale beam AB that it is free to swing in the vortical 
plane of the beam. The beam itself, made of oak, is 140 centi- 
meters long from the end A to D, the point of rotation. A counter- 
weight W balances the beam and its attachments. Midway between 
A and D a pail P is hnng, into which sand is run fi-om a funnel F 
through a rubber tube 
closed by a pinch cock. 
This gives a method 
of constantly adding 
weight without jarring 
and of increasing the 
pressure to just the 
value necessary to force 
the tool into the soil 
to the required depth. 
The scale beam is 
guided bete ween the 
upright parallel rods 
G, spaced to allow a 
free movement of the 
beam between them. 
.V, and .l/; are clamps 
that check the up-and- 
down movement of the 
beam. The depth to which the point penetrates is detennined by 
the position of -I/;. Tlie measurement is always liegun at tlie same 
height^ — ^the level of the cup, which was also the soil level — and weight 
is added until the l)eam reaches .1/., by which time the tool has pene- 
trated 6 centimeters into the soil. The approach of the I)eam to .l/„ is 
observed by means of a small mirror I^ fastened at an angle to -V^. 

In making a penetration measurement the ]»rocedure is to make up 
a large soil sample to the desired water content, which is then deter- 
mined accurately by drying a sample at 110'' C. and calculating as jjer 
cent on the dry weight (if soil. This method makes the different water 
contents of the same soil comparable one with another. The total 
sample is well mixed by screening and placed in a tightly covered 
pail. This holds enough soil to permit of repeating the measurements 
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several times without twite using the same portion of soil, lliis is 
essential because a wet soil dries out quite rapidly when exposed to 
the open air, particularly during screening. By using a fresh ijortion 
each time successive measurements are made there will be but slight 
diiferences in the water content of the different samples. The soil i^ 
then leveled to the top rim by cutting off tlie extra material in such a 
way that no packing results, after which it is pressed, if desired, in 
the packing machine, the rim removed, and tlie soil again cut off to 
the level of the top of the cup. The penetration measurements aro 
then made; generally three trials for each sample. They should be 
made at points the same distance from the rim of the vessel and equal 
distances apart. This condition is easily attained by drawing on 
the table a circle the size of the cup and eccentric to the point of the 
penetrating tool. The cup is so placed that it always coincides with 
this circle and between each measurement is rotated through 120 
degrees. This metliod of spacing eliminates the pei'sonal factor of 





choosing the points for penetration and also makes the results more 
concordant. Since the soil in falling through the funnel of the 
shaking machine generally runs into the middle of the dish, from 
which point it spreads toward the sides, it tends to pack in the middle 
of the dish somewhat more closely than around the edges, so the pack- 
ing at equal distances from the center is the same. After penetra- 
tion the weight of the sand required to force the tool into the soil is 
determined. Since the pail is suspended in the middle of the beam, 
one-half the weight of the sand is the pressure applied in penetration. 
The cup and the soil are also weighed, the weight of the cup sub- 
tracted, and the specific gravity of the soil sample calculated from the 
volume of the cup. 

No difficulty is experienced in taking three penetration measure- 
ments on one dishful of soil. The three points at which the pene- 
tration tool enters the soil are far enough apart that the crowding 
aside of the soil at one point by the penetrating tool does not affect 
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the following measurement at another point. Should it do so the 
force required for penetration would increase with each successive 
measurement, while as a matter of fact the variation is in no way 
regular between the different measurements. 

APPABATTJS FOB HEASUBINO VOLUHE. 

FrelimlnarT' method- 
Tile first apparatus designed for volume measurements was not 
intended for very extended use, but rather as a convenient metliod of 
preliminary investigation. Some parts of it 
were used in subsequent investigations, and 
therefore a description of it is given here. The 
apparatus is illustrated in figure -31. The soil 
is contained in a glass tube -^^1. For this pur- 
pose an Argand chimney has been found satis- 
factory and of suitable dimensions. In ordei- 
to permit the wetting of the soil by capillarity 
the bottom of the tube A is closed by a ring 5, 
made from a piece of brass tubing 2.-5 centi- 
meters long, with an inside diameter just a 
little larger than the outside diameter of the 
glass tube. A disk of brass gauze is soldered 
into the ring, as indicated in the diagram by 
the heavy dotted line. The ring is fastened to 
the tube by means of three set screws, one of 
which is indicated by C. In order to keep the 
finer soil particles from sifting through the 
brass gauze the end of the tube is covered by 
filter paper D before insertion into the ring. 
The dry soil is poured into tlie glass tube and 
then wetted by dipping the bottom of the con- 
tainer into water. Bearing on the upper sur- 
face of the soil is a brass tube J/.X, which works 
through a wooden guide block E. Changes in 
the volume of the soil cause, of course, a change 
in the level of the upper surface, and this change is communicated to 
the tube MI^, and followed at .V by a micrometer screw held firmly in 
place to the support of which £* is a part. In order to hasten the dry- 
ing the evaporation from the surface of the soil at N is increased by 
blowing a stream of air into the top of the tube. The air used for this 
purpose is passed through sulphuric acid in order to dry it. The dry- 
ing progresses slowly owing to the small amount of surface exposed 
when A' is in position. It is not feasible to remove .V between meas- 
urements on account of the uncertainty of getting it back into the 
137T0— Bull, 50—08 5 
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same place when another measurement is to be made. As the drying 
occurs only at one end of the soil column an error is introduced, since 
the top of the soil was drier than the bottom. However, in a soil col- 
umn of this length, if the drying proceeds slowly, this difference in 
moisture content of the top and tlie bottom is not very marked. More 
serious difficulty might be caused by the adhesion between the soil and 
surface of the glass, which would seriously cut down the influence of 
changing moisture content on the volume. It is evident from this 
preliminary attempt that a metliod suitable for accurate volume 
work should embody the following points: (1) In order to shorten 
the time required for carrying through one experiment it is essential 
tliat the drying out of the wet sample be rapid; this can be accom- 
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plished by exposing as great an area per unit volume of soil as possi- 
ble. (2) The thickness of the soil from the drying surface down 
should be small in order that no large difference in moisture content 
may occur between the top and the bottom of the sample. (3) Since 
the change in volume is measured by the linear contraction it is essen- 
tial to have the length in this one direction as great as possible. (4) 
The soil should be supported in such a way that after drying out it 
can be wetted again by capillarity without otherwise disturbing the 
sample, thus making it possible to use the same soil sample through 
several cycles of moisture change. (5) The soil sample should also 
be supported in such a way that it is independent of the measuring 
apparatus and movable at will, so that the same micrometer may be 
used to measure several samples drying out at the same time. These 
considerations led to the development of the " soil column method." 



APPARATUS AND METHODS. 67 

Soil column method. 

The apparatus used in this method is shown in figure 32. The soil 
column S is molded in an apparatus similar to that shown in figure 
31, where the soil is either put in dry and wetted by capillarity or 
packed into the tube in moderately moist condition, in which state it 
holds together well when piis^hed out of the tube onto the brass sup- 
port shown in the figure. This support is made by cutting longi- 
tudinally a brass tube of a diameter a little larger than that of the 
soil column. Into one end of the support a circular brass disk is 
screwed so that it is perpendicidar to the axis of the tube. Against 
this disk the lower end of the soil column rests. The disk is per- 
forated so that a column can be wet by capillarity by simply dip- 
ping the lower end of its support into water, thus rewetting the sam- 
ple without in any other way disturbing it. In this arrangement a 
large surface of soil is exposed to evaporation, and drying proceeds 
"■ith considerable rapidity. A wet column of this kind reaches the 
air-dry condition in two to five days, depending on the nature of the 
soil. This method also insures a comparatively uniform moisture 
content from the top to the bottom of the sample. Resting against 
the upper end of the soil column is a brass follower F made from 
heavy brass tubing by inserting into the two ends pieces turned from 
solid brass. The part projecting from the lower end is made some- 
what smaller than the tube so that it will not come in contact with 
the surface of the soil support, because upon contraction enough soil 
is left to roughen considerably this surface. The upper end contains 
a contact piece C turned from a brass rod. This is so arranged that 
by means of a screw, shown in the figure, it may be adjusted to 
lengthen or shorten the follower. By means of this adjustment 
the total length of the soil column and the follower can be made 
nearly the same in different samples, thus adapting the limits of 
the micrometer screw to their measurement. The Vernier scale and 
raierometer screw are shown at M. As the soil contracts during 
the wetting, the inclination of the support and the weight of the 
follower are sufficient to keep it pressed down against the end 
disk. The contraction of the soil therefore results in a downward 
movement, wliich is measured by the micrometer. In order to 
tell just when the micrometer comes in contact with the end of the 
follower at C an electrical contact device is used. One terminal 
of a battery is connected through an electric bell to F. When 
^ makes the metallic connection at 0, the circuit is closed and the 
bell rings. Instead of the bell the figure shows an arrangement T 
in which the two bare tenninals are held at a short distance apart. 
By placing these two wires on the tongue, the instant of contact 
at C may be detected by a sharp acrid taste. This device is even 
Wore delicate and satisfactory than the bell. The contact can be 
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determined with such precision that the readings taken at the same 
time show no variation within the limits of the micrometer used. 
The micrometer scale is held firmly in place hy means of a screw 
clamp. The wooden support is sawed in such a way that the 
micrometer scale is slipped into position and a screw clamp pinches 
the two sections of the wooden support. The part of the apparatus 
consisting of the soil column and its folloiver can be lifted from the 
wooden supports without in any way affecting the soil sample, A 
different soil sample can be placed in position and measured by the 

same micrometer. 
At each measure- 
ment this movable 
part comes into the 
same position, for 
it is brought down 
firmly against the 
end block B. Since 
the wooden vertical 
supports are cut V 
shaped, the half- 
round section of 
brass tubing fits 
snugly into place. 
This method has 
proved well suited 
to soils having the 
power to retain the 
form of the cylin- 
drical soil column 
irrespective of the 
moisture content, 
Some soils, how- 
evei', can not be 
s u c c e ssf ully han- 
dled in this way, either because when wet they become incoherent 
tmd do not retain their form or because when dry they crumble. 
The method is not well suited for continued observations on wetting 
and drying of the same soil sample, because, as has been pointed out 
in a previous chapter, the volume changes tend to cause cracking of 
the soil ; these cracks become points of weakness and in time cause the 
breaking down of the soil column. 
Hicrometer method. 

In order to get around the difficulties just described the "mi- 
crometer method " was devised, in which the soil sample is better 
supported, lieing held in a cup. The form of apparatus is shown in 
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figure 33. The soil sample is contained in a cup C, which has a per- 
forated bottom through which the soil may be wetted. This cup 
I'ests directly on the metal table of an adjustable stand, to which the 
micrometer screw is also attached. This method of support has a 
distinct advantage, since there is little possibility of the table and 
micrometer changing their relative positions and thus affecting the 
results. The variation in the heiglit of the soil surface is measured 
by means of the micrometer screw M. A brass plate P with a pro- 
jecting short vertical shaft rests on the surface of the soil, ^^he 
micrometer point is brought just into contact with the top of the 
shaft. The contact is determined in the same manner as described 
in the preceding metliod. In order to obtain a gooil electrical con- 
tact with the plate P without disturbing its position in any way, a 
drop of mercury is held in a depression drilled into the surface of 
the brass. 

This method also permits measurements being made on a number of 
samples, since the cup C can be removed from the table and another 
cup inserted in its place without displacing the micrometer. The 
moisture content of the soil sample corresponding to the time of 
measurement is determined in Iwth this and the soil column method 
by directly weighing the supporting dish, the dry soil equivalent 
being determined when the sample is first prepared. Although the 
micrometer screw used in this method measures to 0.0001 centimeter, 
measurements were oi-dinarily made only to 0.001. On account of 
the electrical conductivity of the moist soil and since the cup rests 
on the metallic table it is necessary to insulate the brass plate P 
from the soil. This is done by fastening a hard rubber disk to the 
underside of the plate. The same result can, of course, be obtained 
by insulating the cup C from the stand. In this method the amount 
of surface exposed to evaporation is not so large as in the soil column 
method, so that the time required for a series of measurements is 
somewhat longer. Because of the better support of the soil column 
this method is applicable to almost any soil and quite independent of 
errors due to a defective soil column. In any future work it would be 
well to use larger dishes; this would tend to reduce to a minimum any 
errors due to adhesion between the soil and the cup. A deeper di^ 
may profitably be used, thus giving a larger linear change, but it must 
be not deep enough to cause a large difference in moisture content 
between the lower and upper soil layers, 
CathetometeT metliod. 

The cathetometer method closely resembles the micrometer method. 
The soil is contained in a similar dish and the up and down move- 
ments of a point fastened to a brass disk are measured by means of 
a cathetometer instead of a micrometer. This method is valuable 
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as a check method, showing that the same results are obtained irre- 
spective of the method used. It offers no particular advantage over 
the micrometer method and possesses some disadvantages. Since 
the cathetometer and the soil are placed several feet apart, they have 
no support in common, and a change of pressure on the floor may 
cause a variation in the level and a corresponding error in the read- 
ings obtained. Sighting the cross hairs of the cathetometer telescope 
on the point does not permit the same accuracy of reading as in case 
of the micrometer with the electric contact method. The finest grad- 
uations on the cathetometer used were 0.01 centimeter. This, added 
to the difficulty of reading mentioned above, made very accurate re- 
sults impossible. This method might be improved by having the 
apparatus set up on a firm foundation, having better sighting device, 
larger dishes, etc., but the only advantage it can then offer over the 
micrometer method is that the plate on the soil surface would not be 
subject to any disturbing external pressure, such as might possibly be 
caused by the micrometer screw. 
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PREFACn. 



In the continuation of the studies on absorption which have been 
carried on in this Bureau, it has been deemed desirable to direct 
attention especially to the absorption of gases by soils, and the 
present bulletin contains a description of certain special studies on 
this subject by Messrs. Patten and Gallagher. 

That soils have a high absorptive power for gases, and show a 
direct selective absorption from gas mixtures as well as from liquid 
solutions, has long been known, and this fact has generally been 
recognized as having an important agricultural and geological 
significance. But up to the present it can not be said that agri- 
oultural' investigators have given the question the consideration 
which its practical importance warrants. 

In the present bulletin the absorption of the principal gases by 
various types of soils and the rate at which such absorption takes 
place have been brought out in such a manner that practical workers 
in soil problems will be able to use the results to advant^e. Special 
significance must be attached to the absorption of water vapor, and 
in this bulletin the principal facts now known from the investigations 
of former workers or of the authors of the bulletin themselves are 
brought together in such shape that they are available not only for 
practical workers, but for the further investigation of scientific 
workers. 

The relation between the absorption of water vapor on the one 
hand and the evaporation of water from that soil has been carefully 
investigated, and the laws controlling it have been clearly brought 
out; and the influence of soluble materials contained in the soil as 
affecting these laws has been shown. The significance of cultural 
methods as affecting either the absorption of water vapor or its evapo- 
ration has been shown. And finally, the important practical fact 
has been established that the wilting point — or that water content 
of the soil at which plants can no longer thrive and which has been 
shown elsewhere to be a physical factor of the soil— marks a water 
content higher than that which the soil can attain by direct absorp- 
tion from a humid atmosphere, even though this tatter be main- 
tained at the point of saturation. 
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The laws governing the absorption of other gases or vapors appear 
in general to be very similar to those governing the absorption of 
water vapor, and it may now be safely claimed that the broad subject 
of absorption of vapors by soils has been brought to a satisfactory 
state as regards not only our theoretical knowledge of the principles 
involved and their importance to practical ^riculture, but also as 
they bear upon the practical methods of control. 

Fbakk K. Cameron, 
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ABSORPTION OF VAPORS AND GASES BY SOILS. 



FAEVIOUS WORK. 
INTItODircnON . 

It is well known that charcoal absorbs enormous volumes of gases 
from putrefying animal matter, and the similar power of soils to 
take up odors from excreta has been utilized from the earliest times. 

The term absorption includes adsorption upon the surface, possi- 
ble penetration of vapor into the solid, and retention of liquid in 
the angles formed between adjoining particles. A short review of 
ihe development of our knowledge of gaseous absorption is helpful 
here in bringing to mind the experimental facts and the varying 
explanations offered in connection therewith. 

ABSORPTION OF dASES. 

Fontana in 1777 established the fact that numerous porous bodies 
retain gases upon their internal surface, but did not deduce regu- 
larities from his data. 

Morozzo, Rouppe, and Norden" confirmed his observations in 
1800, but de Saussure,'' during 1812 to 1814, was the first to investi- 
gate this field extensively. He heated his absorbent material to 
redness before using, to expel residual gases, and then subjected the 
weighed absorbent to the action of a gas, under known temperature 
and pressure conditions. He drew the following conclusions; (1) 
The porous bodies investigated absorb gases; (2) the degree of 
absorption varies with the form and m^nitude of the pores; (3) 
different substances possess a different absorption capacity; (4) the 
same substance absorbs different quantities of different gases; (5) 
easily condensed gases are in general absorbed more easily; (6) ab- 
sorption decreases as temperature increases; (7) at higher pressure 
more gas is absorbed than at lower pressure; (8) heat is evolved 
during the process of absorption. 

To these fundamental observations Smith" adds: (1) Charcoal 
exercises a selective absorption toward mixtures of gases; for a con- 

"O. Lehmann, Molekulat-phyaik. II part, 83. 
bAriii. PhyB. Gilbert, 47, 113 (18U). 
f Ann. Chem., Siippl. 2, 262 (1862-1863). 
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10 ABSORPTION OF VAPORS AND QABE6 BY SOILS. 

siderable time oxygen alone is absorbed from air; (2) charcoal satu- 
rated with' nitrogen and then placed in other gases first gives up a 
, part of the nitrogen before absorbing the second gas; (3) charcoal 
saturated with oxygen does not give up the gas, either upon warming 
or treatment with boiling water, but under these conditions carbon 
dioxide ia evolved rather than oxygen. 

Stenhouse," too, has studied the absorption of gases by charcoal 
made from various materials; his figures, given in Table I, represent 
the number of cubic centimeters of gas absorbed by 1 gram of char- 
coal. Wood charcoal shows a higher absorption for the gases used 
than does peat or animal charcoal, with the exception of hydro- 
chloric acid gas, which is taken up in greater volume by peat. 

Table I. — Abaorplion o/gaiei by charcoal, according to Stenhojue. 
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Dewar^ has found that charcoal and lampblack are nearly equal in 
absorbing power for gases at the temperature of liquid air, and that 
graphite is only one-fourth as good an absorbent. 

ABSORPTION OF AIR. 

Reichardt and Blumtritt" showed that nitrogen is absorbed to a 
much greater extent by soils and soil constitutents than is oxygen 
and that each gas is retained to a different degree by different sub- 
stances—a clear indication of the selective power which solids and 
gases mutually exert in absorption reactions. 

ABSORPTION OF WATER VAPOR BY SOILS. 

When a soil is saturated with water by rain, part of the water per- 
colates away to lower levels, and another part of the water evaporates 
from the surface. 

With a view to correlating the capacity of soils to resist drying 
out, with their composition and with their productiveness, Schubler'' 
determined the water vapor absorbed by various soils and soil con- 
stitutents from a nearly saturated atmosphere during 24 hours. This 
absorption process is evidently the reverse of drying out, but gives a 

"Cited by Johnson, How Crops Feed, p. 160. 

6 Chera. News, 94, 174 (1906); Piw;. Roy. Soc., J4, 130 (1904). 

c Jour, prakt. Chem. , 98, 476 (1866). 

<* Cited by Johnson, How Crops Feed, pp. 161-162, 1870. 
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measure of the speed with which a dry soil takes up the first portions of 
water vapor, and this speed is clearly an indication of the strength 
vnth which the water is held by each soil. Thus, he found that 1,000 
parts of soil absorbed parts of water as follows: Quartz sand, coarse, 
0; gypsum, 1; calcareous sand, 3; plow land, 23; clay soil (60 per 
cent clay), 28; slaty marl, 33; loam, 35; fine carbonate of lime, 
35; keaTy clay soil (80 per cent clay), 41; garden mold (7 per cent 
humus), 52; pure, clay, 49; carbonate of magnesia (fine powder), 82; 
humus, 120. 

Similarly Davy" gives the quantity of moisture taken up dur- 
ing one hour exposure to the air by soils which had been dried at 
212° F. as follows, in parts of water per 1,000 parts of soil: Sterile 
soil of Bagshot heath, 3; coarse sand, 8; fine sand, 11; soil from 
Mercy, Essex, 13; very fertile alluvium, Somersetshire, 16; extremely 
fertile soil of Ormiston, East Lothian, 18. 

From these results it may be concluded that the absorptive capacity 
of soil for water vapor is generally higher the finer the texture of the 
soil and the greater its content of humus. It appears, too, that pro- 
ductive soils have a very considerable capacity for water vapor, 
while the poor soils range much lower. 

Regarding the effect of temperature upon the <|uantity of water 
vapor absorbed, Knop" has shown' that at higher temperature the 
absorption is very considerably decreased. A sandy soil from 
Moeckem, Saxony, absorbed in parts of water per 1 ,000 parts of soil 
the following quantities of moisture: At 55° F., 13; at 66°, 11.9; at 
77", 10.2; at 88°, 8.7. 

The experiments of Ammon' likewise show that the absorption 
of water vapor by soil constituents decreases as the temperature 
rises. The relative absorption at any one temperatiire of the sub- 
stances iised decreases in the order, ferric hydroxide, humus, kaolin, 
calcium carbonate, gypsum. 

Von Dobeneck" has studied in great detail the conditions which 
determine the absorption of water vapor and gases in general by 
various soil constitiients and admixtures of the same, with the fol- 
lowing results: (1) The absorption is greater the finer the particles 
of the solid; but this increase is not directly proportional to the 
increase in surface, since large grains absorb relatively more gas than 
would be expected from the surface exposed. It should be remem- 
bered, however, that great error is introduced when the surface of a 
powder is calcidated from the average diameter of its granules. (2) 
He found that adsorption and hygroscopic retention of moisture upon 
surfaces, which were then looked upon as different, are subject to the 

a Cited by Johnson. How Crops Feed, pp. 161-Ifi2, 1870. 
bpoKch. Agr.-PhyB., 2, 36 (1879). 
eFoiach. Agr.-Phys., 15, 163 (1892). 
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same controlling conditiona. (3) The different soil constituents all 
possess a considerable absorption capacity, but gases are absorbed 
to a different degree by each solid substfince. (4) Mixtures of these 
soil 'constituents absorb gases additively; that is, each soil material 
exerts its absorptive effect independently of the rest of the soil about 
it. (5) Absorption decreases with rise in temperature and is very 
nearly proportional to the reciprocal of the partial pressure. (6) 
For atmospheres of the same relative humidity, the temperature has 
little effect upon the mass of water absorbed ; the absorption increases 
with increasing relative humidity, and at 20° C. the rise in absoq)- 
tion for equal per cent increments in the relative humidity is greater 
the nearer the interval lies to the point of saturation (100 per cent 
humidity). (7) Soil constituents moistened with water absorb gases 
in greater quantity than the same mass of water alone. 

Van Bemmelen" has determined the absorption of water vapor by 
soils and inorganic oxides, especially such as yield gelatinous hydrates 
with water, with reference to (1) the influence of original water con- 
tained in the soil or solid oxide upon the quantity of water it can yet 
absorb; (2) the effect of vapor pressure upon absorption and libera- 
tion of moisture; (3) the structure and history of the oxide as related 
to its absorptive power. He used the oxides, SiO,, SnO„ MnOj, 
Al.Os, Fe,Oa, Cr^O,, BeO, MgO, and CuO and various soils. His 
results in general indicate that the absorption of water vapor increases 
with the vapor pressure, but is not simply proportional to it; that 
the fineness of the grains of a partially hydrated oxide has little 
influence upon its absorption^an effect to be expected where imbibi- 
tion takes place; that the moist oxides expand as more water is 
absorbed and contract as this water evaporates from them in an 
atmosphere of lower vapor pressure; that some oxides form a trans- 
lucent jelly when they contain a certain quantity of water, and this 
translucence indicates that the jelly is made up of fine cells. He con- 
cludes that the existence of definite chemical hydrates in these non- 
crystalline jellies is as yet undemonstrated and extremely improbable. 

Van Bemmelen's reason for so thoroughly investigating these 
gelatinous inorganic hydrates is that much of the absorptive power 
of a soil is due to their presence, occasioned by the disintegration df 
minerals subject to weathering. His results on the absorption of 
water vapor by soils are similar to those obtained with these ino^ 
ganic oxides, and agree in general with the results of earlier investi- 

o Zeit. anorg. Chem., 5, 467 (1893); Ber. dcutach. chem. Ges., 18, 1467 (1880); Joui. 
prakt. Chem., 23, 324, 379 (1881); 26, 227 (1882); Rec. Trav. Chim. Pays.-Bas,!, 1 
(1888); Jour, prakt, Chem., 40, 497 (1892); Zeit. anorg. Chem., 18, 122 (1898); 20,185 
(1899); 28, lU-321 (1900); Sitzungsber. d. K. Akad. d. Wisa.. Amaterdam, Nov. 26, 
1902; Arch. N6el. (2), 10. 267 (1906). See aim Ciobb, On the Reformation of Hy- 
drateB,Jahresb., 1879, 179; also, Spring and Lucion, Zeit. anorg. Chem., 2, 195(1892). 
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gators. Each soil shows its own pecuhar power of absorbing water 
vapor — the finer the soil grains the greater the absorption ; the pres- 
ence of individual soil constituents of high absorptive power, of 
course, raises the absorption in proportion to the amount of each in 
the soil. 

According to Hilgard," the hygroscopic moisture of a soil may 
vary from 2.48 per cent to 21 per cent, depending upon its composi- 
tion. He has criticized the experiments of Schiibler, Knop, and 
others, who found that absorption of water vapor decreases with rise 
in temperature. Hilgard finds that exactly the reverse is the case; 
soils exposed to an atmosphere saturated with water vapor absorb 
more moisture at high temperature than at low. 

An attempt to discriminate between moisture held by a powder 
as "hygroscopic moisture" and water in the capillary spaces meets 
with difficulty.* We have no sharp experimental method of ascer- 
taining what fraction of the water is retained on the surfaces of the 
grains. This is especially so as an' even distribution of moisture 
throughout the powder is hard to secure, and failing of this the pow- 
der is balled together and holds part of the liquid in its capillary 
spaces between the grains. , 

Briggs"^ determined the quantity of water vapor absorbed by 
quartz grains of various degrees of fineness, and from the mechanical 
analysis of each powder calculated the surface presented, and thus 
found the thickness of the layer of adsorbed water. Assuming the 
density of the film as uniform and equal to unity and postulating an 
even distribution of the water over the entire surface, the maximum 
thickness obtained was 2.66 X 10"' cm, in an atmosphere within 1 
per cent of saturation at 30° C. He concludes that the adsorption 
is not due to soluble bodies present upon the surface of the quartz, as 
Warburg and Ihmori have suggested, but to the mutual attraction 
of quartz and water. 

Parka '' calculates the thickness of the water film upon glass wool 
as 13,3 X 10"' at 15° C. Trouton ■= and O. Masson and E. S. Richards' 
have carefully determined the conditions under which cotton absorbs 
moisture. Trouton suggests that the water vapor is condensed to 
liquid upon the surface of the cotton. Masson and Richards find 
that cotton containing a definite proportion of moisture resembles 

""Soils," pp. I9fi, 198 (1906). 

tSoyaka, Forech. Agr.-Phys., S, 1 (1885); Whitney, Agricultural Science, 8, 199 
(1889); Kat&o, U^ber die Wasserbewegung in Hiwien, Bui. Ool, Agr., Imp, Univ, 
Tokyo, Vol. 3, No. 1 (1897); Briggs, Bui. Ni>. 10, U. S. Dept. i)f Agr., Division of 
Soils (1897). 

'Jour. Pbys. Chem., 8, 617 (1905). 

•Thil. Mag. (6) 5, 519 (1903); also (fi) i. 240 (1902). 

'Proc. Roy. Soc London, 77, Ser, A, 292 (1WHi). 

'Ibid,, 78, Ser. A, 412-429 (1906). 
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an aqueous solution in tliat it exercises a vapor pressure which is at 
different temperatures a constant fraction of that of pure water. 

In this connection it is interesting to note that Bunsen " found 
that glass fiber continued to give up moisture on heating until a 
temperature of 503° C. was reached; similarly, Day and Allen* 
state that a temperature of 600° to 800° C. (a low red heat) is required 
to remove hygroscopic moisture from minerals. From the fact that 
moisture is retained upon the surface of these substances at high 
temperature it may be inferred that the attraction between the sub- 
stance and water is greater than the vapor pressure, which at such 
temperatures amounts to hundreds of atmospheres. 

ABSOBFTION OF WATEK VAPOR. 

STATBHENT OF THE PBOBLEU. 

The general problem before us is to find the- relation of climatic 
humidity to soils. In nature a system is rarely in a state of equilib- 
rium, and more or less rapid changes in the distribution of the con- 
stituents are in progress. Still, in the present instance, definite 
laboratory conditions for the equiUbrium between' soil moisture and 
water vapor in the air above it will afford a very fair approximation 
to field conditions, and by taking measurements upon the rate "f 
appn)ach to equilibrium we also secure an insight into the nature and 
rate of change in soil moisture during evaporation or absorption 
when sudden climatic changes disturb the approximate equilibrium 
between atmospheric moisture and soil moisture. Such displace- 
ment of equilibrium may be due to currents of air bringing a more 
or less humid atmosphere from a distance, or to heat changes accom- 
panied by precipitation on cooling, or greater saturation capacity 
of the air for water on heating. 

The first variation — change in humidity — may be experimentally 
reproduced by placing several equal portions of a soil of known mois- 
ture content in desiccators whose individual atmospheric humidity is 
maintained practically constant by sulphuric acid, differing in strength 
for each desiccator and thus giving a range of humidity from the verj' 
low partial pressure of concentrated acid to the vapor pressure of 
water at the temperature chosen for the experiments. 

The second source of variation — heat changes — may be studied by 
running equilibrium experiments similar to those just described, but 
at different temperatures, and comparing the quantities of moisture 
in soil and in vapor above it at each of these temperatures. 



" Ann. Phys.. 24, 321 (1885), 

!• Rib. Camugk' Inst, i.f Wft^hingtun, No. HI, pp. 5fi-.')7; Am. Jonr. Rci. (4), 19,9^ 
(.1905)- 
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EVAPOBATION STDSIBS. 

Expexiiuental mtfthods. 

The evaporation of water from soils was determined under different 
degrees of humidity, secured by maintaining the soils in small weigh- 
ing bottles in desiccators containing sulphuric acid in varying concen- 
tration. Quantitative preliminary work showed the need of accurate 
temperature control; consequently the experiments here described 
were carried out in a double-walled air thermostat heated by incan- 
descent electric lights, the current being controlled by a Geer thermo- 
regulator " and the air circulated by an electric fan. (The tempera- 
ture was recorded, when desired, by a thermograph. The temperature 
could thus be held constant and within 0.1° C. for days.) 
Diffusion conatant for Uie desiccatoi*. 

As regards the diffusion of water vapor from the soil in the we%hing 
bottle through the atmosphere of the desiccator down to the surface 
of the sulphuric acid, it may be stated that in general this takes place 
at a very constant rate. This constancy will be evident from an 
inspection of the curves given in figures 1, 2, and 3, for the evapora- 
tion of soils in atmospheres of different degrees of humidity. As 
may be expected, these curves are linear during the time when evap- 
oration is taking place from the lai^er soil tubes, but when the soil 
moisture begins to'evaporate from the finer capillary spaces, the rate 
of evaporation, and consequently the diffusion constant itself, changes 
as evaporation proceeds. A variation in the value of this diffusion 
constant may also be due to a alight difference in the size of the 
mouths of the weighing bottles. 
Experimental data. 

The rate of approach to equilibrium of quartz flour, Podunk fine 
sandy loam, and Sea Island cotton soils over water and over sul- 
phuric acid of different strengths at 25° C, is given in Tables H, III, 
and IV, respectively. The upper section of each table shows the loss 
of water from a wet soil as the evaporation proceeds, while the lower 
section gives the absorption by the same soil in dry condition under 
the same conditions of temperature and humidity. Thus if sufficient 
time be given, the same percentage of moisture will be found in the 
soil regardless of its previous moisture content; i. e., equilibrium is 
approached from both the wet side and'the dry aide. At the head of 
each column in the tables is given the strength of sulphuric acid 
expressed in percentage by weight and the corresponding partial pres- 
sure of water vapor in millimeters of mercury.'' The evaporation 
data from the upper half of Tables II, III, and IV are plotted in 
figures 1, 2, and 3, for quartz, Podunk, and Sea Island soils, respec- 
tively, ordinates being percentage moisture in the soil reckoned upon 
its dry weight, and abscissas time in days. 

"Jour. Phys. Ohem., 6, 86 (1902). tLandolt and BOmslein, Tabellen. 
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16 ABSORPTION OF VAPOES AND GASES BY SOILS. 

Table II. — Changein wmtture content of qitartz flour eipoKd to atmospheres of dif- 
ferent humidity at 85° C. 
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IiBLE III. — Change in mcutare eonteiU of Podunk fine tondy ham toil txpoied to 
atnotpheret of different humidity at Sfi' V. 
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18 ABSORPTION OF VAPOES AND GASES BY SOILS. 

Table IV. — Change in woUture mntent of Sea Iglartd cotton soil expoted to atmotpheree 
of different humidity at 2S° C. 
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ABBOBPTION OF WATEH VAPOB. 



Evaporation from soils under different conditions of humidity in 
general proceeds regularly, as shown by the above curves, which are 
similar in form. The curves for Sea Island soil over 55.4 per cent 
sulphuric acid and over the concentrated acid {fig. 3) are displaced 
to the left in their lower portions. This effect is almost certainly 
due to the fact that the samples of quartz, Sea Island, and Fodunk 
soils were run in the same desiccator. The latter two soils holding 
less w^ater, reached the dry state first, and when they no longer gave 
up water to the surrounding atmosphere the rate of evaporation for 
Sea Island cotton soil increased, thus producing the displacement in 




the curve. This observation emphasizes the necessity of > 
regulating the conditions for evaporation studies. 

The influence of the presence of organic matter in a soil is shown 
hy a comparison of the evaporation curves for quartz, Podunk, 
and Sea Island soils over concentrated sulphuric acid. The pres- 
ence .of organic matter in Sea Island soil increases its water-holding 
power some 25 per cent above that of quartz or Podunk soil, but it 
does not decrease the rate of evaporation, for the Sea Island curves 
are very nearly parallel to those for Podunk fine sandy loam and for 
quartz. 
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ABSOBPTION OF VAPORS AND GASES BY SOILS. 



The foregoing study is important in that it gives a valid basis for 
applying the experimental results determined for one humidity con- 
dition to any other humidity condition. Because of the high rate 
of evaporation and slow change in vapor pressure of the acid, it is 
preferable to use concentrated sulphuric acid in evaporation studies. 
Results thus obtained may be confidently used for general application. 
The relation of the length of time required for a soil to dry out 
to the atmospheric humidity is of great agricultural interest. Equal 
changes in humidity correspond to very unequal periods required 
for a soil to dry. Thus, for quartz, 60 days would be required to 
reach an air-dry condition with an atmospheric humidity of 75 per 
cent: 26 days with 50 per cent humidity; 16 days with 25 per cent 
humidity, and the propor- 
tionately long period of 10 
days with 1 per cent hu- 
midity. 

The rate of evaporation 
curves show, too, that wet 
soil in an atmosphere satu- 
rated with water vapor 
slowly loses weight. This 
loss may be due to several 
disturbing influences. 

There is a slight differ- 
ence in the vapor pressure 
of the water in the bottle 
B and the wat«r W, caused 
by the weight of a column 
of vapor of height h (see fig. 4 ) . Pb - P„ = hd , where Pu and P« are the 
vapor pressures at the level in the bottle and at the lower waf«r 
surface W, respectively, and d is the density of the vapor. Although 
this value is very small, it is theoretically of interest and might enter 
into calculation when the time factor is lai^e. 

Small changes in temperature would cause loss of water from the 
weighing bottle containing moist soil. If the temperature rises a 
little this will first affect the desiccator near the outside wall, at A, 
figure 4. The increase in temperature momentarily reduces the rela- 
tive humidity, thus disturbing the equilibrium. In order to restore 
equilibrium water vapor moves from the interior of the desiccator 
near B toward A. This produces at the same time evaporation of the 
water in B and of the water at W in the bottom of the desiccator. W 
a slight drop in the temperature within the thermostat now takes place 
cooling will first occur at A, followed by supersaturation and finally 
by condensation of moisture at A until equilibrium is again estab- 
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lished. This cooling, however, will not i»ro(luce a condensation 
upon the surface of the soil equal in amount to the loss by evapora- 
tion due to rise in temperature. Thus a slow loss of water from 
soil will result. 

The thermostat was heated by an incandescent electric lamp, con- 
sequently a black soil might absorb sufficient radiant energy to main- 
tain its t«niperature slightly above that of the surrounding medium. 
The vapor prfesure of the warmer soil moisture would be higher, and 
a distillation of water from B to W would result. 

Opening the desiccator for estimation of the moisture in soil would 
reduce the humidity and cause evaporation from the soil when replaced 
after weighing. 

ABSOBFTIOH STTTOIBS. 
BxpraimestBl data. 

The absorption of moisture by air-dry soils in an atmosphere satr 
urated with water vapor is shown by the data given in Tables II, III, 
and IV for quartz, Podunk fine sandy loam, and Sea Island cotton 
soils at 25° C. As stated above, these experiments were carried out 
with weighing bottles placed in a desiccator. A parallel set erf 
experiments using shallow aluminum dishes showed that the dishes 
do not give so great gain in moisture as is obtained when weighing 
bottles are used. The three soils used here were in air-dry condition 
at the start; their moisture content in percentage is given in Tables 
II, III, and IV. 

A set of absorption experiments was carried out, using other soils 
and soil separates which had been heated to constant weight at 1 1 0° C. 
and then placed in a saturated atmosphere at 28° C. This set was 
not subjected to such accurate temperature control as those given 
above, still the curves obtained by plotting gain in moisture against 
time of absorption are very regular and the data fairly characteristic. 
The data are given in Table V. 



Table V. — Walrr vapor abmrbtd by soihfro. 
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—Curve showing variation o 



At the bottom of Table V is given the area of each soil in square 
centimeters per gram as calculated from ita mechanical anaJysis. 
This affords a rough com- 
parison of soil texture with 
absorptive power, and 
shows that in a broad way 
the absorptive power is 
greater for soils of fine tex- 
ture, as would be expected. 
Galveston clay absorbs 
three times the mass of 
water vapor that Marshall 
silt loam takes up, while 
the calculated area of. the clay per gram is not three times greater, 
but less than a third greater, than for the silt loam. 

DEPENDENCE OF 1I0ISTUB.E CONTENT UPON HDMIDITT. 
Table VI contains a summary of the equilibrium points already 
given in Tables II, III, and 
IV— that is, the percent- 
age of moisture retained 
by each soil over each 
strength of sulphuric acid, 
a quantity which is practi- 
cally the same as the per 
centage absorbed by the 
air-dry soil from air satu- rcA ceitr or ffaiarum 

rated with moisture over F'G-6— CurveahowingvariationoImoiBtureinPodunkBoil 
,, j.fl. , , ,. with increttBe in atmoapheric humiditv. 

the difterent concentrations 

of sulphuric acid used. Of course, during the evaporation from the 
moist soil the sulphuric acid in each desiccator became diluted. 
In Table VI is given the 
initial and final strength of 
each portion of acid and 
the corresponding partial 
pressures of water vapor 
over this acid. Opposite 
these acid percentages are 
found the moisture con- 
tents of each soil, quart*, 
Podunk, and Sea Island. 

In figures 5, 6, and 7 
curves are plotted from the 
data given in Table VI, showing the variation in moisture content 
of each soil with increasing atmospheric humidity, Ordiuates are in 
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partial pressures of water vapor e^fpressed in' millimeters of mer- 
cury; abscissas percentage of wat«r in the soil. 

T«BLZ VI, — Faridtion of wwM(«r« tordent of soil with humidity under equilihrivm 
wnditiims at 25° C. 
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The point on each of these curves figures 5, 6, and 7 corresponding 
to 23.5 mm., the partial pressure of water vapor at 25° C, may be high 
on account of the "dew point" effect produced by even slight tem- 
perature changes, as suggested in the previous discussion. 

Because of the wide range through which the moisture content 
varies, the curve for Sea Island cotton soil in figure 7 is probably 
the most correctly de- 
termined. Owing to its 
low percent^e of ab- 
sorbed water, errors 
caused by slight tem- 
perature change? are 
greater relatively for ^ 
quartz, and its curve in t 
figure 5 is less accurate, j 
These curves in figures » 
5, 6, and 7 resemble ^ 
those given by van o 
Bemmelen" for the ab- S 
sorption of water vapor 
by silicic acid at various 
partial pressures, save 
that for these soils no 

certain hysteresis effect »'ia.8.-CurveBhowingvarlatiocoImo(aturelnliumuawith 

is shown. However, we '™'^'* '" »t"«'^P''""= humidi ty- 

are here dealing with an adsorption effect rather than with imbi- 
bition, especially in the case of quartz flour; whereas van Bemmelen's 
hysteresis effect occurs with the colloidal silicic acid and is due mainly 
to imbibition; indeed, he gives data showing that the fineness of the 
ailicic acid particles has no marked effect upon the mass of water 
vapor absorbed. 




"Zeit. anot^. Ohem., IS, 233 (1896-97). 
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For comparison with this dala, von Dobeneck's work upon the 
absorption of water vapor by humus in atmospheres of different 
humidity is given in Table VII. The equilibrium points are plotted 
in %ure 8 and give a curve similar in form to that in figure 6 for 
the Podunk soil. 

Table VII. — Change in TnoUtuTe content ofhumiis lubmilUd to atmoipheres of different 
degreei o/hwmidity at fO° C., according to iion Dobenech. 
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ABSORPTION OP OTHEB TAP0K8. 



In Table VIII is given the percentage of toluene (CoHj.CHg) Tapor 
absorbed by Galveston, Hagerstown, Marshall, and Norfolk soils and 
quartz from a saturated atmosphere at 28° C. Similarly, Table IX 
contains the percentage of ether taken up by the soils at 27° C. from 
an atmosphere consisting entirely of ether vapor. Comparing these 
results with those given in Table V it is seen that Galveston clay has 
the same relative absorptive power for toluene and for water, although 
the mass of water vapor retained is almost exactly twice that of the 
toluene. The Hagerstown, Marshall, and Norfolk soils absorb toluene 
vapor to the extent of slightly less than half the mass of water vapor 
ea<;h soil can take up. Galveston clay absorbs about one-half more 
ether than water by weight, while the reverse is true of Norfolk sand, 
and the other two soils take up about the same quantity of ether as of 
water. Table X gives the absorption of water, ether, and toluene 
vapors at 28° C. by a soil separate fraction obtained in the mechanical 
analysis of soils" whose grains varied from O.I to 0.05 mm. in diame- 

oSee BuJ. No. 24, Bureau of SoUb, U. S. Dept. Agr. (1904). 



ABSORPTION OF GASES. 



26 



ter. Here the absorption of ether vapor is slightly higher than that 
of water, and the toluene considerably lower. Stilt the quantities of 
all three vapors absorbed are of the same order of magnitude. 

TabIiB VIII. — Toluene vapor abtorbed by goiU from a laturated atTaoaphere at SS^ C- , 
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Table IX.— Ether vapor abgorbtd by toiU, at 27° C, 575 mm. premett. 
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Table X. — Absorption of water, ether, and toluene vaport by a toil itparaU 
(0.1-0.05 mm.), at ig' C. 
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AB80KPTI0N OF GASES. 
Abaotptloii of air. 

Reichardt and Blumtritt " recovered the gas absorbed by various 
soils and soil constituents from the atmosphere and analyzed it to 
ascertain what proportion of each atmospheric gas was held fixed 
in the soil. Their results are given in Table XI, and show that nitro- 
gen is absorbed to a much greater extent than oxygen, and that 
each gas is retained to a different degree by different substances, a 
clear indication of the selective power which solids and gases mutually 
exert in absorption, 

Dewar * has shown that all the inert gases — ai^on, heHum, neon, 
krypton — can be condensed in charcoal as effectively as ordinary 
gases at suitable pressure and temperature. 



" Jour, prakt, Chem., »8, 476 (1866 
I Proc., Roy. Soc,, 7*, 130 (1904). 
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It gubgCancei, (uxording to Reiehardt 



Substance. 


Gasper 
100 grams. 


Ratio, b; TOlutne. 




Nitrogen. 


OAjrgen. 


CO.. 




■%S4 
40 


Per cent. 
100 

16 

60 
68 


1 


Ptrce 


-«-.■ 



















































Absorption of oxygen. 

In addition to the experiments of de Saussure, Smith, Stenhouae, 
and Reiehardt and Blumtritt, several series of investigations have 
been carried out upon the absorption of oxygen gas. Jouhn," work- 
ing with ignited charcoal, found that oxygen was so quickly absorbed 
that measurements on the velocity of absorption were not possible 
with the means at his command. . Baker* has shown that a tem- 
perature of 450° C. is required to recover the gas from charcoal which 
has absorbed dry oxygen, and that the gas thus obtained is mainly 
carbon monoxide, only a little carbon dioxide being formed. De- 
war,' on the other hand, by using a low-temperature bath of liquid 
air has succeede<l in absorbing in charcoal more oxygen than nitrogen 
from the atmosphere, and upon warming the charcoal to ordinary 
room temperature again a large part of this oxygen is liberated, along 
with nitrogen, thus affording a ready means of obtaining oxygen from 
air by simply repeating the absorption and liberation process till the 
oxygen has the desired degree of purity, Richards and Rogers,** 
too, have shown that zinc oxide derived from the nitrate, even when 
heated to very high temperatures, retains nitrogen and oxygen. 
Morse and Arbuckle ' confirmed these results, but found no evidence 
supporting Richards and Rogers's conclusion that the absorbed oxygen 
escapes more readily than the nitrogen. Tiie zinc oxide was heated 
by Morse and Arbuckle to a temperature sufficient to melt cast steel 
and still retained per gram of oxitle some 0.3 c. c. of gas whose com- 
position varied — the nitrogen between 64.32 and 68. 18 per cent, and 
the oxygen correspondingly, while the' total volume of occluded gas 
was very nearly constant for eight different experiments. 

aCompt. rend., 90. 741 (1880). 
ftJour. Chem. Soc., 51, 249 (1887). 
tChem. News, ft4, 174 (1906), 
-iProc. Am. Acad., 28, 200 ()893). 
'Am. Chem, Jour., 20, 200 (1898). 
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Absorption of nitrogen. 

The absorption of nitrogen by soils haa been studied mostly in con- 
nection with the absorption of atmospheric gases. From the work of 
Reichardt and Blumtritt, cited above, it appears that in general nitro- 
gen is- absorbed by soils in greater quantity than oxygen. This fact 
is especially worthy of note, since the absorption of oxygen and nitro- 
gen from air by water gives a higher ratio of oxygen to nitrogen in 
the solution than the 1:4 relation which exists in air. The explana- 
tion immediately suggested is that oxygen is converted to carbon 
dioxide in the soil by action of the decomposing organic matter. But 
the similar high absorptive power of aluminum hydroxide, ferric hy- 
droxide, and magnesium carbonate for nitrogen indicates that this 
is a real phenomenon, since these substances have no way of masking 
their true absorptive power for oxygen by converting it chemically to 
carbon dioxide, as a soil <loe3, or to other oxides. Gypsum, too, pre- 
serves the ratio 81:19 of nitrogen to oxygen when it absorbs these 
gases from the air. 

Absorption of carbon dioxide. 

The determination of the actual quantity of carbon <lioxide taken 
up by a soil from air is difficult, since the absorbed oxygen acts upon 
the organic matter in the soil to yield carbon dioxide, and the decay- 
ing organic matter itself contains carbon and oxygen which adds 
still more carbon dioJtide to the soil atmosphere. The al>sorption 
of carbon dioxide from an atmosphere containing this gas alone can 
be estimated by the reduction of vapor pressure, by a density deter- 
mination of the gas, or by determining chemically its weight in a 
given volume of the gas before and after contact with the soil. 

Reichardt and Blumtritt determined the per cent by volume of 
carbon dioxide absorbed by soils and soil constituents. They 
showed that it is probable that the oxygen of the absorbed air ia 
converted to CO, in the peat; of 162 c, c. gas absorbed from air, 
44 per cent appears as nitrogen, 5 per cent as oxygen and 51 per 
cent as carbon dioxide. A similar relation is seen for the garden soil, 
moistened clay, and river silt. The ignited ferric oxide and aluminum 
oxide both show higher absorption of oxygen than the hydrated 
oxides, and lower absorption of carbon dioxide. This indicates that 
the absorption of carbon dioxide is dependent to a considerable 
extent upon the presence of water in the absorbing material, further 
evidence being aiTorded by the higher absorption of carbon dioxide 
by the moist clay. 

Scheermesser" has stated that the amount of carbon dioxide 
absorbed by a dry soil is proportional to the amount of ferric oxide 
present, which would appear to be a generalization based on too few 

olnaug.-Diss. Jena. 1871; ret. Chem. Centr., 1871, 402. 



28 ABSORPTION OF VAPORS AND GASES BY SOII,S. 

observations. Von Dobeneck" gives the carbon dioxide absorbed 

by soil constituents as follows: 

Table XII. — Abiorptityn o/mrb<m dioxide by ioiletmitiluenU aeeordinglo von Dobentei, 
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Kayser* attempted to express in absolute units the dependence of 
the absorption by glass fiber upon temperature and pressure. His 
aim was to measure the quantity of gas condensed by a known suiv 
face under definite temperature and pressure (and therefore with 
known concentration of the vapor phase) and to utiUze this relation 
to estimate the surface of fine powders from the quantity of gas they 
absorb. But he was forced to abandon this, since adsorption is not 
dependent solely upon extent of surface, temperature, and pressure. 
He foimd (1) that glass fiber dried for a long time at high tempera- 
ture adsorbs carbon dioxide, a few hours being required for saturation; 
(2) the adsorption increases with the pressure, and (3) decreases as 
the temperature increases. 

A httle later Bunsen," using similar materials (glass fiber and car- 
bon dioxide), obtained results at variance with those of Kayser, as 
follows: (1) Glass is not saturated with carbon dioxide in days or 
months, but only after several years have elapsed. ' Thus 1 sq. cm. 
of glass adsorfied of carbon dioxide at the end of the first year, 3.15 
c. c; second year, 1.10 c. c. more; third year, 0.88 c. c. more. (2) 
Sudden pressure and temperature changes never produced a notice- 
able evaporation of adsorbed carbon dioxide. (3) Sudden change 
of pressure within one atmosphere showed no effect upon the steady 
course of adsorption. (4) Within a temperature interval of 0.8° to 
23° C, rise in temperature favored adsorption and conversely, 

Bunsen^ then showed that the difference between his results and 
those of Kayser lay in the method used to dry the glass fiber. At 
ordinary temperature glass may retain even in very dry air (over 
P,Os) a layer of water as thick at 10,55 X 10"' mm., and at 107* C. up 
to 7M X 10-' mm. 

Thus it is easy to understand why pressure changes within one 
atmosphere show little or no effect upon the rate of formation of 
these thin films where the pressure amounts to hundreds of atmos- 
pheres. Likewise the solution of gases in these thin films under high 



"Forsch. Geb. Agr.-PhyB., 15. 201 (1892). 

^Ann. Phya. Chem., 14,460(1881). 

cAnn. Phya. Chem., 20, 545 (1883); 22, 145 (1884). 



■lAnn, Phys. Chem., 24, 321 ( 
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pressiire appears reasonable, as well as the long period of time neces- 
sarj' for the esttiblishment of equilibrium. 

Mulfarth " has investigated the adsorption of gases by glass pow- 
ders, with the following results: (!) Perfectly dry glass powder 
adsorbs a considerable mass of carbon dioxide. This is contrary to 
the experimental resultsofKrause." (2) Glass powder dried at 420°C. 
and rendered free from gas shows an adsorption of carbon dioxide as 
great as glass dried at 500°. &) The adsorption of the COj by com- 
pletely dried glass powder is normal; that is to say, it increases with 
increasing pressure and decreases with increasing temperature. (4) 
The adsorption of carbon dioxide by dried glass powder is completed 
in a short time— from one to two hours. (5) The presence of moisture 
renders the adsorption of CO, slower; nevertheless, in a few days it 
proceeds to completion, and the mass adsorbed is not greatly different 
from that taken up by dried glass powder at the same pressure and 
temperature. Consequently, the main influence of <lampness ap- 
pears to consist in rendering the process of atlsorption slower, (fi) 
The quantity of carbon dioxide adsorbed is not nearly so great as 
Bunsen found in his research using glass fiber. (7) The adsorption 
of sulphur dioxide by dried glass powder proceeds exactly like that 
of carbon dioxide, is complete<i in two hours, increases with increasing 
pressure, and decreases with increasing temperature. (S) At zero 
degress the following gases are adsorbed by glass powder and in the 
following order: Ammonia, sulphur dioxide, carbon dioxide, nitrous 
oxide (NjO), acetylene, in descending series. The gases, sulphur 
dioxide and ammonia, which are most easily condensed to hquid, are 
the most strongly adsorbed. Nitrous ojdde and carbon dioxide, 
which stand very near to each other in respect to the ease of their con- 
densation at low jjressures, are almost equally well adsorbed, but 
carbon dioxide a little more strongly. {!)) Henry's law holds fairly 
well also for the adsorption of gas on glass powder. 
Absorption, of anunoma. 

Ammon"" found that ammonia is absorbed by soil constituents 
as follows: Humus at 20° C, 11.5 per cent of its dry weight; ferric . 
hydroxide, 4.7; quartz powder, 0.295; calcium carbonate, 0.23; kao- 
lin, 0.42. When pure ammonia gas is absorbed, small quantities of 
nitric acid are formed, relatively more in ferric hydroxide than in the 
other soil constituents. The absorption of ammonia in general 
decreases with increase in temperature, but near zero, Centigrade, the 
maximum quantity of gas is taken up, less, being absorbed at lower as 
well as at higher temperatures. In view of the more recent work by 
Dewar*" and others on the absorption of gases at low temperatures 
the actual existence of such a maximum as Ammon found is open to 
question. 

aAnn. Phys. (4), 3, 328 (1900). c Forsch. Agr.-Phys., 2, 34 (1879). 

6Aun. Phys. Cliem., 8«, 923 (18S9). d Chem. News, 94, 174 (1906). 
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Von Dobeneck " haa confirmed Ammon's conclusion that the absorp- 
tion of ammonia is less the higher the temperature when working 
above zero, Centigrade. Von Dobeneck's quantitative measurements 
on the absorption of ammonia are in general of the same order of 
magnitude as those given by Ammon, and in addition von Dobeneck 
has shown that mixtures of soil constituents absorb ammonia and 
other gases additiveiy, each material exerting its absorption effect 
independently of the others. He showed, too, that where a moist 
powder absorbs ammonia, the quantity of gas retained is very con- 
siderably in excess of what the water can dissolve when separate from 
the powder. Thus, 100 grams water <lis3olved 43.9 grams of am- 
monia, but when this same mass of water was held by 854 grams of 
kaolin, 56.5 grams of am- 
monia were absorbed, an 
increase of 28.6 per cent; 
with 472 grama kaolin and 
100 grama water, 55,7 
grams ammonia were ab- 
sorbed. Similarly the fol- 
lowing powdered solids, 
each wet with 100 grams 
water absorbed ammonia: 
445 grams calcium carbon- 

thst steorption inereaaee with rise in temperature. *''*'' ^^'^ grams , 4^!) grains 

quartz, 53.1 grams; 329 
grams kaolin, 54.0 grama; 200 grams ferric hydroxide, 47.2 grams; 
202 grams humus, 78.5 grams; 186 grams kaolin, 61.9 grams. 

Schlosing* found that soils, whether acid or alkaline, dry or wet, 
absorbed ammonia from the atmosphere in appreciable amount. Cal- 
cium carbonate in the soil increases the absorption capacity of the 
soil for ammonia. Absorption is in a high degree dependent upon a 
continual renewal of air at the surface of the soil, consequently, it 
makes a difference whether the surface be bare or covered with vege- 
tation, since the plants ten<l to prevent circulation of the air in a layer 
near the surface. 

Pfeiffer" showed that equal changes in pressure produce about 
equal changes in the quantity of gas absorbed by different aorts of 
carbon. He found that the absorption of ammonia by charcoal 
decreased about one-half on heating from 0° to 70° C. 
Absorption of hydrogen. 

The absorption of hydrogen.is of minor importance from the stand- 
point of soil chemistry. Joulin '' showed that ignited charcoal abaorbs 
hydrogen so rapidly as to render difficult a measurement of the veloc- 

o Forsch. Agr.-Phys., 15, 201 (1892). ft Compt. rend., 110, 129, 99 (1890). 

c tjberdie VerdichtungvonGaaendurchfeste Kdrper; Inaug. Dies, firlangen (18S2). 
-i Compt. rend., 90, 741 (1880). 
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ity, and recently Travers" has studied the absorption of hydre^n 
by cocoanut charcoal at different temperatures. The numerous in- 
vestigations on the absorption of hydrogen by metals need only be 
mentioned in this connection.^ 

EPFECT OF TEMPERATURE UPON ABSORPTION. 
THBOKBTICAI, CONSIDBBATIOHS. 

Assuming for the particular substance, water, that the quantity of 
moisture absorbed by a soil from a saturated atmosphere varies with 
the temperature, there are two possible cases: 

(I) The amount of water absorbed increases with the rise in tem- 
perature. For this case the vapor-pressure-temperature curves for 
the soils will cut the vapor-pressure-temperature curve for water, as 
shown in figure 9; this has apparently been realized experimentally 
by Hilgard." 
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PlO. 10.— Cutres showing Tapor preaeute ol wal*r, and ot moist sails at various tempcnturee lor 
case II, assumiDg that alaorption decreases with risfl In temperature. 

(2) The amount of water absorbed from a saturated atmosphere 
decreases with rise in temperature. This case is illustrated by 
figure 10. Here the lower limit of the vapor-pressure curves for soils 
is the vapor-pressure-temperature curve for ice, and the maximum 
quantity of water absorbed at any temperature whatever is the mass 
of water which can remain adsorbed by the soil, in equilibrium with 

a Ptoc. Roy. Soc. London, 78, Ser. A, 9-22 (1906). 
6 See Fischer, Ann. Phya. (4), 20, 503 (1906). 
c" Soils,'' pp. IM, 198 (190e). 
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the complete system — ice, "liquid water," watervapor, which exists 
at the triple point A. The dotted curves in figure 10 show the vapor- 
pressure-temperature curves for soils. The quantity of moisture in 
the soil remains constant along the dotted curve, which is limited in 
extent; above, it meets the vapor-pressure curve of liquid water; 
below, it cuts the vapoi^ pressure curve for ice. Here the absorbed 
water would begin to freeze at a lower temperature than free water; 
and when we remember the enormous stress under which water exists 
when in adsorbed condition, this conclusion is not surprising. 

BXPERHCEHTAI. DATA AND DISCtTSSION. 

Four series of preliminary experiments were carried out. In the first 
three series 10-gram samples of dry quartz flour, Podunk fine sandy 
loam, and Sea Island cotton soil were brought toequilibrium with neater 
vapor in desiccators at various temperatures in the thermostat. The 

g^teral trend of these 
results serves very 
well to show that the 
mass of water vapor 
absorbed decreases 
with the temperature. 
And by comparison of 
this series for Sea Is- 
land cotton with a 
/.« « OS ,0. ,.o J^ ,. ,» ,8 » -^ .2. ^j^^ ^^j,, ,„^ (^^ 

sr vapor by same soil Under rigid 
conditions, using stop- 
pered weighing bottles to avoid loss of moisture on the balance, the 
exact experimental error is seen at each point. 

The results for quartz flour given in Table XlII and plotted in 
flgure 11 show a decrease of 91 per cent in the water absorbed for an 
increase of 74° C. 




K for quartz fiouT ° 






IS used tbraughout. 
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If Jot Podwak toil in open 



'^ketI ^'S>^ ! 



Table XV. — Decrease oj ahtorption with temperatuTe rite for Sea hiattd cotton «i 
open dish over water. 




Table XVI.^i)ecr«ue of abtorplion vnth Umperatwe rUefor Sm Islav4 cotton toil in 
weighing bottlet over water. 



Podunk fine sandy loam confirms the general trend shown by 
quartz, as seen in Table XIV and figure 12. The soil absorbs over 50 
per cent less water vapor at 43° than at 25°, anil a rise in tempera^ 
ture of only 55°, from 25° 
to 80°, reduces the moisture 
content at equilibrium by 
86 per cent. Sea Island soil 
in open dishes over water 
shows in Table XV a de- 
crease in absorption of 42 
per cent for a rise of 32°, 
and of 54.2 per cent for 55°. 

A fourth series for Sea 
Island cotton soil is given 
in Table XVI. The quan- 
tity of water absorbed at 25° over water in a desiccator was dpter- 
mined, using a 20-gram sample in a weighing bottle which could 
be closed during the weighing to avoid evaporation. The data for 
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this point are taken from the lower half of Table IV and were obtained 
under accurately controlled temperature conditions; the equilibrium 
conditions were established after a run of ninety-seven days. 

The absori)tion at 100° C was found by inclosing the weighing 
bottle with its 20-grain soil sample in a sealed tube over water. This 
tube was immersed in boiling water, as shown 
in figure 13, where T is the sealed tube ; W, the 
weighing bottle ; S,acopper support to hold the 
bottle out of the water; G, a safety guard of 
gauze surrounding the tube T and also serving 
as a support ; C, a cork support for T and G ; H, 
hooks holding the gauze G to the corkC; B,, a 
beaker containing boiling water nearly to the 
level of the cork C ; B„ a tall beaker inverted over 
B, and serving as a condenser. 

With this arrangement water need be added 
to B, only every two days. On account of the 
high temperature, absorption proceeded rapidly 
to completion; equilibrium was established 
within a week, as shown by the values given in 
Table X\T. After one week 5.5 per cent of 
moisture had been absorbed, and another 
week's run gave practically the same value, 
5.4 per cent; so the system had come to equili- 
brium. The difficulty met with in the other 
experiments. Tables XIII, XIV, and XV, did 
not enter here, since a closed weighing bottle 
was used. 

The data for the two points in Table X\T are shown in figure 14 as 
curve l.and for comparison the data from Table XY are given on the 
same plot and to the same scale, with temperature as ordinate and 
percentage moisture in the 
soil as abscissa. It is evi 
dent that the determina- 
tions made in open dishes, 
curve 2, show less moisture 
than those made in weigh- 
ing bottles, curve 1. At 
80° C. this loss of absorbed 
moisture from an open 
evaporating dish during 
we ighing amountstonearly 
40 per cent, at 25° C. this 
loss is 13 per cent, and for 100° C. extrapolation of curve 2 indicates 
a loss of some 48 per cent of the total. The curves in figs. 11, 
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12, and 14 show the same general trend, and together with the most 
accurately determined points in Table XVI and curve 1, figure 14, 
show a decrease of ahsorption as temperature rises in a manner not 
open to question. All of these curves bend upward steeply at 
higher temperatures, since the absorbed moisture is held more firmly 
the thinner the layer in which it is spread upon the soil grains. 

Thus it is proved experimentally that absorption of water vapor 
by soils decreases very greatly with rise in temperature. A departure 
from equilibrium conditions, which indeed seldom obtain in the field, 
shows even greater decrease in the quantity of absorbed water as 
the temperature increases. 

ABSOBPTION CAFACITT. 

It is of interest to see how the absorption data are related to tlie 
surf ace' presented by the grains of the different soils used. For this 
purpose a general survey of the quantity of vapors absorbed by some 
of the soils studied in the foregoing sections is given in Table XVII. 

Unfortunately the area of a soil as calculated from its mechanical 
analysis (Table XVIII) can give only an approximate result, prob- 
ably much below the true value. Thus in Table XVII it is seen that 
Galveston clay absorbs three times the mass of water vapor that 
Marshall silt loam takes up, while the calculated area of the clay is 
not three times as great but less than a third greater than the silt 
loam. The results obtained with toluene were in general similar to 
those obtained with water. The ether vapor behaves differently, 
the clay taking in a smaller quantity than would be predicted from 
the water and toluene results. 

Table XIX contains the calculated thickness of the layer of liquid 
absorbed upon the grains of each soil. The following assumptions 
were made in <leriving these values; (1) That the film of absorbed 
vapor is uniform in thickness over all the soil grains; (2) density of 
water, 1; density of toluene, 0.89; density of ether, 0.73; as these 
densities are probably lower than the density of the surface film the 
value for the thickness of film is probably too high; (3) density of 
individual soil grains, 2.5; (4) that the soil grains are spheres; this 
assumption probably gives a value of the film thickness much too 
high; (5) that the fractions in the mechanical analyses are clean 
separations. In the last two fractions the diameters of the grains 
vary within relatively wide limits. The area of the soil grains is 
probably several times greater than the value given in Table XVII. 
For example, the quantity of water absorbed by Galveston clay is 
much greater than would be expected from its area when the absorp- 
tion capacity of the other soils and their areas are considered. The 
clay and silt in the Galveston clay greatly increase its surface beyond 
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that calculable from a mecliaiiical analysis. It was on this account 
that the soil separate with grains varying only between 0.1 and 0.05 
mm. in diameter was used in this series, so that a more accurately 
determined surface might be used for the determination of its absorp- 
tion (lapacity. 

TABLb XV n — Xnaijf Hinl grains oiTilatcd til ahiorption rapacity for rapon. 

Etlter dbsorbetl. | ToUiene absorbed. 
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Table XlX.^Companton of abiorption capaaty of milt for iiaj>or*~Continued. 
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This soil separate shows a film 2.0X 10~* cm. thick, as against a. 
thickness of 3.66 X 10"* cm. for Galveston clay and 1.5 X 10"' for 
Norfolk sand, while Hagerstown loam and Marshall silt loam give 
values nearer that of the soil separate. Parks " gives a value for 
the thickness of a water fdm absorbed on glass wool, I. .34 X 10"' cm., 
which agrees closely with these results. 

In general, toluene gives a thinner film than water, while the ether 
layer is thicker than that of water for all soils save Galveston clay. 

If we assume the average diameter of a clay particle as 0.0002 cm., 
and consider it to be a sphere, its volume is 4. IS X 10~" c. c. If 
the water film be uniform in thickness over the surface of all the 
grains, 2.00 X 10"'' cm., as given for the soil separate, then the total 
volume of this clay particle with its absorbed water will be 7.25 X 
10~" c. c, and the volume of water alone 3.06 X I0~" c. c, or 73 
per cent of the volume of the clay particle holding it, and the radius 
of the particle is only ten times greater than the thickness of the 
water layer surroun<ling it. There is very little doubt that this 
hygroscopic water is in part hehl in the fine capillary spaces between 
the soil grains,* but we have no sharp experimental method of ascer- 
taining what fraction of the water is thus retained. 

A comparison of the quantities of water, toluene, and ether absorbed 
by the various soils, with their surface tensions, viscosities, vapor 
pressures, and latent heats of evaporation does not give a clue to 
the different absorption capacities found. It seems that each vapor 
has its own specific action which finds a counterpart in the selective 
)tion exercised by the soil. For any one vapor the absorption 



e WasserbewegunR in Boden, Bui. Col. Apr., Imp, Univ., Tokyo, 
; Soyaka, Forsch, Agr. Phya. 8,1(1885); Whitney, Agricultural 
IBS. 1889; Brij^, Bui. No. 10, U. S, Dept. of Agriculture, Division 
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capacity of a soil is roughly proportional to the soil grain surface as 
calculated from the mechanical analysis. 

Finally, we see from the above considerations that for any one 
Tapor the amount of absorption is proportional to the calculated 
soil area exposed, and that the thickness of film on any giren soil 
surface varies with the nature of the vapor, but the data at present 
available are not sufficient to show that the thickness of the film is 
dependent upon the nature of the soil type. 

^ - DISTEIBTTTION. 

Solids in general do not completely absorb gases or vapors, but 
rather the gas is divided between the atmosphere and the solid. 
The greater the quantity of gas or vapor in the atmosphere, the 
more of it is held fixed by the solid, until the solid becomes saturated 
and can retain no more of the gas. A number of attempts have 
been made to express this relation between the quantity absorbed 
by the soli<l and the concentration of gas in the atmosphere, as a 
fairly simple mathematical equation. The chemical composition 
of the solid and that of the gas of course determine in great measure 
the degree to which absorption takes place, and this factor is expressed 
by a constant which is different for each solid and gas studied. The 
effect of temperature upon absorption is likewise recognized in the 
formula by a constant whose value changes with the temperature. 

De Saussure" has suggested the formula V=19.H-0.53 P, where 

V is the volume of gas adsorbed and P is the pressure in inches of 

mercury. This relation holds for carbon dioxide. 

X 1 

Ostwftld ' applies to gaseous adsorption the equation, — = or C P'. 

which waa developed for adsorption from solution, where z is the mass 
of gas adsorbed; m the mass of adsorbent solid; Cthe concentration 

of the vapor phase; <^ is a constant; and is an exponent. Freund- 
Uch holds tha* adsorption from solution and from vapor by solids fol- 
low the same law, and Ostwald's exponent, e<iuais \ .where — is 

p ' n n 

the exp<ment in the equation,' X = ar( - j~ », proposed by himself. 

* Lehrbuch der Ailgemeine Chemic, II (2 Aufl.) 232. 

e A=ar ( — ) n in Himply an empirical relation, and is not derived analytically from 
the other equation, A.=-^tn^ °- J given by FreundlJch. A and n ate conntanlBi a 
is total mass of ga.>i in the Byetera, and v i« the volume iit space available fur the gaa. 
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Thus Freundlich found working with liquid solutions, values for 

-, which range from 0.86 to 0.485, giving to -( =1 — - ) values from 

0.14 to 0.515. But the - given by Ostwald on the basis of Chappuis," 

Joulin,* and Kayser's ' results, for COj ad3orbe<l by various kinds of 
charcoal, is higher, varying from 0.50 to 0.75. Further, Chappuis'a 

curve for log — against C is very concave for carbon dioxide, whereas 



if the exponential fonnula — = aCp applies, this curve should be a 

straight line. So this formula of Ostwald's holds only indifferently 
well as far as this gas iti concerned. 

Recently Travers** has determined the distribution of hydrogen 
and of carbon dioxide between cocoanut charcoal and the vapor at 
100°, 60", 35°, 0" and - 78°, and for hydrogen at - 190° C. He suggests 

the formula, -/^= a constant, where P is the gas pressure and x 
the concentration of the gas, in the solid phase for each temperature. 
The value of n increases when the temperature falls. For CO, 
at 0°, Ti=:i; at 100°, 71=2; at higher temperatures n would prob- 
ably equal 1 and then the distribution law would hold exactly — 
i. e., become linear — but it is possible, too, that n might fall below 
1. Hydrogen at —190° behaves exactly like COj at 0°; that 
is, n = 3. Travers attributes the departure of the distribution law 
from a linear form at low temperatures to the influence of diffusion 
into the solid phase. On the contrary, Trouton ' has assumed the 
formation of a hquid phase upon the surface of the solid to explain 
his curves representing the absorption of water vapor by cotton. 

It is seen that no one mathematical expression yet proposed 
describes the present data for the adsorption of gases by solids. The 
specific attractions of solid and gas, the diffusion of gas into solid, the 
condensation of gas to liquid, and the consequent clogging of capillary 
channels where the forms and arrangement of these minute spaces 
enter to determine the vapor pressure of the liquid there enmeshed, 
all these factors complicate the observed relation of mass of gas 
adsorbed to mass of gas left in the vapor phase. 

" Ann. PhyB. Chcni., 12, 161 (1881). 

6 Ann. Chim. PhyH. (5), 22, 397 (1881). 

i^Ann, Phys. Chem., 12, 526 (1881). 

fiProc. Roy. Soc. London, J8, Spr. A, 9 (1908). 

eProc. Roy. Soc. Ixindon, 77. Ser, A, 292 (1906), 
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RATS OF ABSORPTION. 
DETERMININa FACTORS. 

The rate at which a sohd absorbs a vapor depends upon several 
factors. These will be discussed in the following paragraphs. 
Cliemical composltioii. 

In general, the chemical composition of the sohd affects absorption 
to theextent that acid bodies tend to absorb basic vapors, and con- 
versely. The magnitude of this influence varies from very pro- 
nounced chemical reaction, such as the fixation of gaseous ammonia 
by solid acids- to extremely weak acid or basic effects. 

FhTSical couditioii. 

The physical condition of the solid, its fineness of division, deter- 
mines the surface available for the purely adsorption effect, which, 
with other conditions the same, is directly proportioned to the surface 
of the solid in contact with the vapor. As the solid is reduced to finer 
powder the number of solid angles between the granules is increased, 
as well as the surface of solid exposed, and the condensed vapor 
retained in these solid angles is added to that held by simple absorp- 
tion. . 
ViBCOBity of the vapor. 

In the case of vapor entering a soil at rest there is a damping 
term due to the viscosity of the vapor. After taking account of 
the probable diameter of the capillary spaces through which the 
vapor ia to pass, the resistance which the vapor offers to being forced 
into the soil is the viscosity of the vapor multiplied by its rate of 
llow," and this rate of flow is the rate at which absorption is taking 
place. The diameters of the capillary spaces, too, become less as 
the surface of each grain takes on moisture, so the resistance to 
the passage of vapor increases as the absorption proceeds. Con- 
sequently we should expect rate curves for soils to .show a decrease 
in rate of absorption with time greater than that for absorption of 
vapor upon a plane surface, but this factor has been found to be of 
only minor import. 
Abaorption capacity. 

The absorption capacity of the solid affects the rate of absorption 
to a marked degree. Where the absorption capacity ia high, the 
speed of absorption is very great. 

" See E. WoUny, Forach. Agr-.-PliyH. 1«, 193 (1893); Buckingham, Bui. No. 25, 
Bureau of Soils, U. S. Dept. Agr, (1904). 
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Partial preoBUxe, or humidity. 

The rate of absorption of water by soils varies for atmospheres 
of different humidity in a manner similar to the change in rate of 
evaporation under different degrees of humidity, as can be seen 
from the curves in figure 15 for Sea Island cotton soil plotted from 
the data given in the lower half of Table IV. Ordinatea are in per- 
centage of moisture in the soil, abscissas are in time in days. All 
the experiments begin at 4.4 per cent of moisture, the quantity re- 
tained by Sea Island cotton soil in air-dry condition. 

Van Bemmelen," Hellriegel,'' Puchner," and von Dobeneck ** have 
determined the speed with which a soil absorbs water vapor. 




They, too, give very regular rate curves, but these, as 
Pariis' rate of absorption of water vapor by glass wool, are like- 
wise not described by a simple mathematical formula. Hantzscrh ^ 
has shown that the rate of absorption of ammonia gas by solid 
organic acids in finely powdered condition depends upon the partial 
pressure of the ammonia gas in the atmosphere above the solid acid. 
Using absolute ammonia, the reaction is fairly well described by the 

first order reaction velocity equation, K ' =, -,- log.f -— p and on 

dilution of the ammonia with air, this equation still holds if the 
total volume of gas employed is so great that the partial pressure 
of the ammonia is practically constant throughout the absorption 
process. 

If, however, the quantity of ammonia present in the gas is con- 
siderably reduced by the absorption, then the rate of absorption is 

" Arch. N^er. (2), 10, 267 (1906). -^ Foret-h. Agr.-Phys., 15. 163 (1892), 

* Forsch! Agr.-Phys. 6, 3S9 (1S83). ' Phil. Mag. (6), 5, 518 (1903). 

eLand.VerH.-Stat.,4fl, 229(1895). /Zeit. phys. Chem., 48,289(1904). 



n,g:,.,;dtyGOOglC 



42 



ABSORPTION OF VAPORS AND GASE8 BY BOILS. 



no longer expressed by this first order reaction velocity equation, but 

II 1 a; 
is more nearly given by the second order equation, K ' = ^ (a — a-Sa.' 

The same is true for the absorption of gaseous hydrogen chloride by 
solid organic bases. A similar effect is produced in the rate of absorp- 
tion of water vapor by a soil as the atmospheric humidity varies. 

The rates of absorption of water vapor by humus from atmos- 
pheres saturated at different temperatures, as determined by von 
Dobeneck (Table XX), show, too, that the velocity of absorption is 
greater the higher the relative humidity. 

The rate curves obtained from all of the foregoing tables are regular, 
but are not described by a simple velocity equation. 

Table XX.~iia(e of atsorplion of water vapor by humus, according to von Dobeneck. 
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Previously absorbed vapor. 

As will be seen from the data on the rate of absorption of vapors by 
soils in Tables II, III, IV, V, VI, VIII, IX, X, and XI, the rate 
of absorption decreases as more and more vapor is held by the soil. 
This effect is only what would be expected when we remember that 
the last portions of vapor absorbed and condensed to liquid fomr 
exist to a considerable extent in the capillary spaces of the soil as 
well as in the form of films upon the surface of the soil grains. 
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RATE OF EVAPORATION. 48 

Temparatnre. 

(a) It has been shown by the investigations cited above and by the 
new experiments given in the section on the effect of temperature 
ufHin absorption, that in saturated atmospheres, at least, an increase 
in temperature decreases the mass of vapor absorbed by a sohd. (h) ■ 
Increase in temperature increases the mass of vapor which a given 
volume of air can hold at any one pressure. Theoretically,' then, the 
first temperature .effect (a) should reduce the time required to satu- 
rate the absorbing solid with vapor; and the second effect (6) should 
likewise hasten the absorption by providing a higher absolute quan- 
tity of vapor in the atmosphere for the solid to draw upon. This 
conclusion is borne out experimentally by the results obtained with 
Sea Island cotton soil; at 100° C. only one week was required for this 
soil to absorb all the vapor it could take up, whereas at 25° C, this 
same soil stood ninety-seven days over water before it ceased to 
absorb moisture. Von Dobeneck" confirms this effect of temperature 
upon rate of absorption as shown in Tables VII and XX. 

Joulin'' found that the time required to saturate charcoal with 
carbon dioxide decreased with increasing temperature at a constant 
pressure. 

BATE OF EVAFOSATIOK. 
In a former bulletin the mechanism of evaporation has been dis- 
cussed in considerable detail.'" In addition to the data on the evapo- 
ration of moisture from soils under various degrees of humidity, 
which h^ve been given in Tables II, III, and IV, above, we repeat here 
in Tables XXI, XXII, 
XXIII, and XXIV the 
data in that bulletin on the 
rate of evaporation from 
wet soils over concentrated 
sulphuric acid at 25° C, 
The point brought out by 
the evaporation data in all 
of these tables is that the 
rate of evaporation from 
any wet soil is fairly con- 
stant until the quantity of 
moisture still remaining in 
the soil is approximately 
that known as the " opti- 
mum water content "of the soil. At this point a gradual change in the 
rate of evaporation takes place, as shown in figures 16, 17, 18, and 19, 
which represent graphically the rate of evaporation indicated in Tables 
XXI, XXII, XXIII, and XXIV. Referring back to figures 1, 2, 




"Loc. cit. ftComp, rend., »0. 741 (1880). 

cCameron atd Gallagher, Bui. 50, Bureau ■>/ Soils. U. S- Dept. Agr., 1907. 
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44 ABSORPTION OF VAPOBS AND GASES BY SOILS. 

and 3 we see this same bend in the rate of evaporation curves, 
which becomes less and leas evident as the humidity of the atmos- 
phere of the soil approaches the saturation point, going from the par- 
tial pressure of water vapor 
of 94 per cent sulphuric 
acid up to that of the 
vapor pressure of water 
alone. As was stated in 
Bulletin 50, the moisture 
content of each of these 
soils at which this bend in 
the rate of evaporation 
takes place is in reality 
very close to fhe content 
of water in the soil whicli 
gives it the best physical 

Via. ir.^-CurvB showirg^rute of e™po«tlo.i ol waWic Irum eondltion for plant gTOWth. 

The reason for this agree- 
ment between the point at which the rate of evaporation changes 
and the point known as the "optimum water content" has been also 
pointed out in Bulletin 60.. The larger open spaces between the soil 
grains naturally lose their water first, and the later portions of 
water evaporate more and more from the finer capillary spaces in 

the soil. When the " - 

water content of the 
soil is reduced to such 
a degree that the loosely 
held water in these more 
open spaces must draw 
upon the water held as 
a capillary film upon the 
soil grains, then very 
naturally evaporation 
proceeds more slowly, 
since the films are held by the soil grains quite tenaciously. At this 
same moisture content, too, where the pull of the capillary films of 
water upon the soil grains is brought into evidence, we would nat- 
urally expect tliat the very fine soil particles might be rearranged into 
lai^r aggregates and thus furnish a more open structure better suited 
for access of atmosplieric gases and for the penetration of roots. 

In this connection it, is interesting to note that Heinrich" has 
shown that the quantity of water in a soil required for plant growth 
is always greater than the quantity of water the soil can take up 

oZweiter Ber. landw. Vers.-Stat. Rostock, p. 19 (1894): E. S. R., 7, 481 (1895-96). 
See also Spalding, Bot. Gas. 88, 122 (1904). 
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from a aaturated atmosphere. A heavy soil containing a high per- 
centage of moisture may hold the water so absorbed that while the 
plant can get some water, still it is by no means fully supplied. 




Table XXI. — Rate of evaporation from Podunk fine »andy loam over 95 per cent tul- 
phiiric acid at ^ff' C. , according to Cameron ajid Gallagher, 
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Table XXII. — Rate 0/ evaporation from Miami blade loam over 95 per txrit sulphuric 
add at iS" C , acfording to Cameron and Gallagher, 
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Table XXIII. — Rale of evaporation faom i«mordtoton loam over 95 per cent tulphuri 
add at 15° C., according to Cameron and Oallagher. 
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Table XXIV. — Rate of 'Evaporation from muck over 95 per cent talpkuric add, atg5° C. , 
arcordiTig to Cameron OTtd Oallagher. 



U««l 


Period. 


LOMOl 


^cr 




























































'3744 




K 








































































































24. SO 


.mi 




UiVM 



ENXBOY CHAirOEB. 

Poggendorff attributes the first experimental work on capillarity 
to Leonardo da Vinci, 1452-1519. A number of investigators " 
worked in the field before it was discovered that capillary phe- 
nomena are accompanied by heat effects. De Saxissure'' during 
1812 to 1814 found that heat was evolved during the process of 
absorption. 

Pouillet ' showed the rise in temperature of various powders and 
porous substances when moistened with a liquid. Unfortunately, 
he, as well as several investigators following him, neglected to com- 
municate the weight of powder and of liquid used and their specific 
heats; so we are imable to calculate the quantity of heat set free. 
He gives merely the rise in temperature produced by adding liquid 
to the material, using water, oil, alcohol, and ethyl acetate with 

a Ann. Phys. (Gilbert's), 47, 113 (1814). 

b For a more extended survey of the literature see Trans. Am. Electrocliem. Soc., 
11, 387 (1907). 

eAnn. Chim. Phys., 20, 141 (1822); Ann. Phys., 78, 356 (1823). 
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ENEBQY CHANGES. 47 

finely divided metals, metallic oxides, powdned glass, clay, and 
other substances, including a number of oi^amc solids. Water 
added to inoi^anic solids gave a rise of 0.2° to 0.6° C, while with 
dried oi^anic material the temperature rise sometimes reached 10° C, 

Ammon " cites the observations of Von Babo* on the rise in 
temperature experienced by dry soils when subjected to an atmos* 
phere saturated with water vapor. These experiments are qualita^ 
tive only, but they show the existence of the heat effect due to mois- 
tening a powder; that it is positive, and that the temperature rise 
is greater with soils containing humus thaji without. 

Stellwagg ' found a marked increase in the temperature on mois- 
tening various soils and soil constituents with water and on sub- 
jecting them to humid atmospheres. But he has given no data 
enabling us to calculate the number of calories liberated during this 
a^orption; consequently his data have only qualitative value. He 
concludes: (1) That the rise in temperature which the soil experi- 
ences upon addition of water, in general is greater the drier the soil, 
the finer its grains, and the lower the prevailing temperature. (2) 
That the rise of soil temperature on addition of water to a per- 
fectly dry soil is very considerable {8.33° C. for a calcareous sand 
rich in humus, 6,6° C. for ferric hydroxide, 5.57° C. for a loam soil). 

(3) That when water vapor is adsorbed by soil constituents a tem- 
peratxu^ rise is observed as follows: Quartz sand, 0.00-0.26 mm. 
diameter, 0.88°; quartz powder, 1.08°; precipitated calcium cai^ 
bonate, 1.47°; kaolin, 2.63°; ferric hydroxide, 9.30°; peat, 12.25° C. 

(4) That the temperature rise due to adsorption of dry carbon diox- 
ide by dry soil constituents is inconsiderable, with the exception 
of ferric hydroxide, in which case the rise is e.Q" C, while the moist 
gas is adsorbed with a much greater temperature increase. (5) Thkt 
dry soil constituents adsorb dry ammonia and experience a con- 
siderable temperature rise: Quartz powder, 0.80°; precipitated cal- 
cium carbonate, 0.80°; kaolin, 2.05°; ferric hydroxide, 18.05°; 
peat, 28.3° C. Moist ammonia shows less temperature rise; for 
ferric hydroxide and for peat it is, respectively, 14.1° and 23.80° C. 
, This heat evolved when a vapor condenses upon a solid absorbent 
was very naturally attributed to the latent heat of vaporization 
which became available on liquefaction. But Favre** found the 
heat liberated by absorption to be greatly in excess of the latent 
heat of vaporization, for three different gases; consequently, this 
assimtiption had to be abandoned. More recently Dewar' has shown 

a Forech. Agr.-Phya., 2, 21 (1879). 
I> Uttlder, Cbemie der Ackerknune, Band 3, p. 366. 
^Forech, Agr.-PhyB., 5, 211 (1882). 
'Lehmanii, Motecular-Physik. I, p. 85. 
• eChem.NewB,»*, 174 (1906); Proc. Roy. Soc., 74,130(1904). 
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that hydrogen, whose latent heat of vaporization at it^ boiling 
point is 120 gram calories, gives off six times that quantity of heat 
when absorbed by charcoal at the boiling point of air. Similarly, 
oxygen gas when absorbed by charcoal liberates twice the heat due 
to liquefaction. 

The experiments of Parks " indicate that the quantity of water 
absorbed by a powder from water vapor is very nearly the same as 
the quantity of water held on the surface of the grains when the 
powder is immersed in liquid water. He has shown that a silica 
powder saturated with water vapor gives off no measurable heat 
when brought into contact with liquid water, whereas the dry silica 
liberates a definite quantity of heat per square centimeter of surface, 
and this heat evolution decreases in a perfectly regular manner as 
the silica powder contains more and more absorbed water vapor. 

Masson'' has shown that the beat evolved when cotton absorbs 
water vapor is for practical purposes directly proportional to the 
quantity of moisture absorbed and is very nearly the same as the 
latent heat of vaporization. He finds the absorption by cotton to 
be much greater than is warranted by its area as compared with sim- 
ilar experiments using glass wool, and suggests as an explanation 
that the water absorbed penetrates into the cotton fiber as a solid 
solution. The thermal effect dealt with here is evidently different 
from that studied by Parks." 

When a gas is absorbed by a metal many interesting physical 
changes in the metal may be effected. Its volume, hardness, elas- 
ticity, electrical conductivity, and single potential and rate of solu- 
tion in various solvent liquids are changed. The absorption of a 
gas, too, may depend upon its condition; that is to say, the energy 
it possesses. For example, free hydrogen gas is very slightly ab- 
sorbed by iron and some other metals, but hydrogen freshly liberated 
from combination either by electrolysis or by action of metal upon 
acid is very strongly absorbed by iron. Palladium, on the other 
hand, absorbs free hydrogen with great avidity. 

SVHMARY. 

In the absorption of water vapor by quartz flour, a soil separate, 
and typical soils, the rate of approach to equilibrium between soil 
and water vapor has been followed at various degrees of humidity, 
and these equilibrium points determined. 

The amount of water absorbed increases with the humidity, but 
not in a simple mathematical relation. 

"Phil. M^. (6), 6, 521 (1903). 

sProc. Roy. Soc. London, 74, 249 (1904-5). 
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Toluene and other vapors were compared with water vapor, uaing 
the same soils, and show in general an absorption of the same order 
of magnitude. 

The velocity of absorption decreases regularly as absorption pro- 
ceeds, but it is not described by a simple logarithmic equation. 

Belatively small decrease in vapor pressure produces a marked 
increase in the rate at which the soil dries out. At the moisture 
content known as "optimum" for plant growth, a rapid decrease in 
the rate of evaporation takes place, and at this particular moisture 
content there are likewise changes in other physical characteristics 
of the soil, such as specific volume, resistance to penetration, etc., 
which altogether point strongly to a purely physical reason for the 
existence of a narrow range of water content in a soil at which plants 
thrive best. " 

The content of wat«r in a soil at which plants begin to wilt is greater 
than the quantity of water the soil can take up from a saturated 
atmosphere, A heavy soil containing a high per cent of moisture 
may hold the water so absorbed that while the plant can get some 
water still it is by no means fully supplied. 

The absorptive capacity of soil for water vapor is- generally higher 
the finer the texture of th6 soil and the greater the content of humus. 
In general, productive soils have a very considerable capacity for 
water vapor. 

Gases are absorbed to a different degree by each solid substance; 
the different soil components all possess a considerable absorption 
capacity, and mixtures of these constituents absorb gases additively; 
that is, each soil material exerts its absorptive effect independently 
of the rest of the soil about it. Soil constituents moistened with 
water absorb gases in greater quantity than would the same mass 
of water alone. Easily condensed gases are in general absorbed 
more easily. 

Heat is evolved during the process of absorption, and this heat is 
greatly in excess of that given out by the condensation of the vapor 
to a liquid. 

For equilibria between soils and atmosphere saturated with water 
vapor over a temperature range from 25° C. to 100° C, the amount of 
water absorbed decreases with increasing temperature. This con- 
firms the results obtained by earlier investigators for the absorption 
of water vapor as well as for gases in general. 

Absorbed gases are held with remarkable tenacity. Glass and 
minerals retain hygroscopic water up to 500° to 800° C. 

ogee Cameron and Gallagher. Bui. 50, Bureau of Soils, U, S. Dept. of Agr., 1907. 
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50 ABSOBPTtON OF TAP0B8 AND OASES BY BOILS. 

Bodies which have been heated and then cooled in a vacuum show- 
high absorptive power; consequently, absorption can not be looked 
upon solely as the solution of a gas in moisture films upon the grains 
of the s<^d. 

In general, nitrogen is absorbed by soils in greater quantity than 
oxygen. This is especially interesting, since the absorption of oxygen 
and nitrogen from air by water gives a liigher ratio of oxygen to 
nitrogen in the solution than the 1 : 4 relation which exists in air. 
The similar high absorptive power of aluminum hydroxide, ferric 
hydroxide, and magnesium carbonate for nitrogen indicates that 
this preference of soils for nitrogen is a real phenomenon, since these 
substances have no way of masking their true absorptive power for 
oxygen by converting it chemically to carbon dioxide, as a soil does, 
or to other oxides. 

The absorption of carbon dioxide by soils is due in great measure 
to the presence of hydrated oxides, such aa ferric oxide, and humus. 
Kaolin, caelum carbonate, and quartz also absorb carbon dioxide, 
but in comparatively small amounts. 

Soils, whether, acid or alkaline, dry or wet, absorb umnonia from 
the atmosphere in appreciable amount. 

No one mathematical expression has been found to hold generally 
for the distribution of a gas between the vapor phase and absorbing 
solid. The specific attraction of solid and gas, the diffusion of gas 
into sohd, the condensatioii of gas to liquids and consequent clogging 
of capillary channels where the forms and arrangement of these 
minute spaces enter to determine the vapor pressure of the liquid 
there enmeshed, all these factors complicate the observed relation 
of mass of gas adsorbed to mass of gas left in the vapor phase. 
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